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Abstract. Data concerning the O- and C-acylation of carbonyl
compounds under acid catalytic conditions are surveyed. The
properties of little-studied products of these reactions, i.e.,
acylals, a-haloalkyl acylates, and enol acylates are described.
The acyloxycarbocations formed by the acylation of aldehydes
and ketones are characterised. The recently discovered new
reactions of carbonyl compounds that lead to various
heterocyclic and polyfunctional compounds are discussed.
The bibliography includes 275 references.

I. Introduction
The acylation of carbonyl compounds is traditionally considered
as a means of lengthening a carbon chain together with the
introduction of the carbonyl function. Such reactions include
ester condensation and related reactions (i.e., Claisen,
Dieckmann, Darzens reactions, etc.).1"6 These processes are
catalysed by bases, while O-acylation which sometimes occurs is
usually regarded as an undesirable side reaction. The preparative
application of these methods was so successful and fruitful that
the analogous acid-catalysed conversions were considered only as
theoretically, rather than practically, interesting reactions. Only
in some cases, when acid and base catalysis results in different
products (e.g., acylation of asymmetric ketones), have syntheses
been developed.1-2 Perhaps only acylation of ketones by
anhydrides in the presence of boron trifluoride is an exception.5-6

The technique of base-catalysed acylation of carbonyl
compounds has been improved and modified (e.g., in
Taylor-McKillop and Passerini reactions,7-8 phase-transfer
catalysis,9 and the application of acyl anions10), whereas acid-
catalysed reactions have remained much less investigated until
now. This is explained by difficulties in the effective stabilisation
of cationoid intermediates, as cationoid chemistry has been less
well studied than carbanion chemistry.11
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Although the importance of the reaction between carbonyl
compounds and aprotic acids was noted thirty years ago,12 few
publications concerning this problem are available. On the other
hand, two reactions of aldehydes with anhydrides and acid
halides in the presence of Lewis acids have been known since the
beginning of this century. These reactions lead to the acylals 1 and
the a-haloalkyl acylates 2, respectively.

R1—CH(OCOR2)2

1
LA

R'CHO
R2COX

LA

X

R1— CH—<OCOR2

LA — Lewis acid; X = Cl, Br.

The attitude of synthetic chemists towards acid-catalysed
carbonyl reactions can be illustrated by the history of compounds
1 and 2: the properties of the acylals 1 have been very little
investigated until now. The a-haloesters 2 were recalled in the
sixties only as subjects of a series of studies under the common
title 'A forgotten carbonyl reaction' (see Section IV).

II. Acylals
The esters formed from geminal diols (i.e., acylals, also
called aldehyde diacylates) have been known for more than
120 years. Chloral diacetate was described as one of the first
acylals.13 The synthesis based on the acid-catalysed O-acylation
of aliphatic and aromatic aldehydes by acetic anhydride in
the presence of various catalysts was elaborated later.14-15

Scant information about acylals can be found in some mono-
graphs.5- 16~18 For a long time, acylals were regarded only as
convenient intermediates for the preparation of aldehydes and
ketones from methylarenes 3 by oxidation with a CrO3-Ac2O
mixture5-18> 19 as well as by oxidative decarboxylation of malonic
acid derivatives 4.5
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ArCH(OAc)2

H2O
ArCHO

R1R2C(COOH)2

4

R'R2C(OAc)2 R'R2CO

Only recently have acylals attracted special attention as
compounds having independent synthetic value. Acylals can serve
as convenient precursors of not only aldehydes but also of enol
acylates, e.g., in the conversion of crotonaldehyde into 1-acetoxy-
butadiene 62 0 and other synthetically difficult compounds.21-22

M e v ^ / ^ ^ ^ ^OAc

R

,OAc

OAc

R O

OSiMe3

Y
OAc

Y
Me

The gCTw-diacetate moiety turned out to be quite stable
toward dilute acids, but it is easily removable in weakly alkaline
solutions.21 This group can therefore serve as a suitable
complement of the well-known acetal protection for aldehydes.23

Examples of acylal protection have been mentioned in the
literature, but this topic is outside the scope of the present
review, which is devoted to the activation rather than the
passivation of the carbonyl function.

In the early eighties, several authors reported the preparation
of acylals by the acid-catalysed acylation of aldehydes with acetic
anhydride. Diacetates of aliphatic and aromatic aldehydes can be
obtained in high yields in the presence of PCI3 (Ref. 24 and the
references cited therein). The use of FeCl3 instead of PC13 allows
one to extend the aldehyde series and to reduce the duration of
the,acylal synthesis; detailed spectroscopic data (IR, !H NMR
and 13C NMR) and mass spectra for the acylals were also
obtained.21 The undesirable treatment of reaction mixtures with
water can be excluded using the solid superacid 'Nafion-H', which
also allows one to simplify the isolation of the acylation
products.25 The preparation of acylals in the presence of protic
acids (e.g., sulfuric, perchloric, methanesulfonic acids) was
reported in several studies.26"29 A series of acylals 8 have
been obtained by the acyloxylation of cyclohexane-l,3-diones 7
with diacyl peroxides.30

+ (R2COO)2

OCOR2

OCOR2

Compounds 8 are ketone acylals. It has been mentioned in
earlier publications that ketones do not yield gem-diacetates.14

Subsequently, it was shown that cyclohexanone and its 4-alkyl
derivatives react with an AC2O-H2SO4 mixture to form the
corresponding enol acetates, but hitherto unknown 1,1-diacetates
were also isolated in low yields from these reaction mixtures.31

However, cyclopentanone affords only an acylal under the same
conditions.32 Mazur and coworkers33-34 have described the
preparation of ketone acylals by the action of trichloroacetic
anhydride without a catalyst. However, the reactions of ketones
(mainly cyclic ones) with AC2O require the presence of an acid.34

It is remarkable that cyclobutanone reacts with AC2O and HCIO4
to yield only the 1,1-diacetate.34 Obviously, the strain in small
rings prevents the transformation of acylals into enol acylates.

The mechanism of the formation of acylals derived from both
aldehydes and ketones was studied using mixed anhydrides21 as
well as initial ketones labelled with the 18O isotope.33-34 It has
been shown that acylation, which is a reversible reaction, occurs
with the participation of two anhydride molecules. Conditions for
the conversion of acylals into carbonyl compounds by hydroly-
sis3 5"3 7 and for the transformation of diacylates into enol
acylates were also described.31-33>38

Acylals undergo many reactions typical of aldehydes, such as
condensations with CH-acids39 and with alkenes according to the
Prins reaction scheme [Eqns (1) and (2)].40~42

PhCH=CHCH(OAc)2 + H2C(COOMe)2
MeC(OSiMe3)=NSiMe3

Pd, THF

PhCH=CH—CH=C(COOMe)2 (1)

93%

+ CH2(OAc)2 (2)

orOAc

OAc

OAc

/ACO-4—H O

On the other hand, syntheses based on acylals were described
in which the aldehydes themselves proved to be ineffective. Thus,
in the reaction of benzylidene diacetate 9 with styrene, it is
possible to avoid the telomerisation usually occurring in reactions
between aldehydes and carboxylic acids (Scheme I).43 Acid-
catalysed reactions of aldehydes with salicylic acid involve the
alkylation of the aromatic ring, whereas the use of acylals yielded
a series of 2-substituted 4-oxo-l,3-benzodioxanes 10.44 Acylals
react with methyl ketones in the presence of triphenylmethyl
perchlorate to form the pyrylium salts 11 and the 2-benzopyr-
ylium salts 12.29

Methylene diacetate 13 undergoes self-condensation in the
presence of SnCU to give the ester and ether derivatives 14-16.45

It was found recently46-47 that aliphatic and aromatic aldehyde
diacetates 17 react with CHCI3 under phase-transfer catalytic
conditions. These reactions proceed with substitution of an
acetoxy group by a CCI3 group with lengthening of the carbon
chain by one atom to yield acetates of a-trichloromethyl carbinols
18 (Scheme 2). Apparently, this reaction is general and can also be
expanded for other carbanion precursors. For example, analo-
gous conversions were carried out with phenylmethylacetonitrile
19 and phenylacetonitrile 21 (Scheme 2).48

R2 = Me2, - (CH2)5 - ; R2 = Ar, PhCH2O.
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PhCH(OAc)2 + PhCH=CH 2

9

Scheme 1

AcO —CH—CH2 —CH—OAc

COOH

Ph

+ RCH(OAc):

"OH

R = Me,Ph,Ar,PhCH = CH.

RCH(OAc)2 + ArCOMe

R = H, Me, Ph, Ar.

Ph

C1O7

Ph3CClO4

CIO4

12 R

R = H, Me, Ph, Ar.

H2C(OAc)2

13
150-160 °C

AcOCH2CH2CO—OCH2OAc

14

AcOCH=CHOAc + (AcOCH2)2O
IS 16

Scheme 2

RCH(OAc)2

17

CHCh, 50% NaOH, PI1CH2 Et3NCl

RCH(OAc)2 + PhCH—CN

Me

17 19

PhCH(OAc)2

9

PhCH2CN

21

PhCH2 Et3NCl

50% NaOH

PhCH2 Et3NCl

50% NaOH

R—CH—OAc

CCh

18 (60%-82%)

Me

«- RCH—C—CN
I I

AcO Ph

20

PhCH=C—CN

22 Ph

The substitution products obtained (18, 20, and 22) are
valuable intermediates for subsequent transformations.

At present, isopropylidene malonate, Meldrum's acid 23, is
the best known acylal (see the relevant reviews49"51). This acid,
which is an important precursor of many synthons and carbon
suboxide and is a valuable starting material for the preparation
of aliphatic-aromatic ketones and synthetically difficult 1,3,5-
tricarbonyl compounds,52-53 has recently attracted keen atten-
tion. Meldrum's acid can be prepared by the acid-catalysed
acetylation of acetone with acetic anhydride and malonic
acid [Eqn (3)]54 as well as by the acidolysis of isopropenyl
acetate 24.55

H2C(COOH)2 + Me2CO
Ac2O

Me

H2C,

>-
Me

OAc

24

Me

Me
>^=OCOMe

25

Mixed geminal a-acyloxyalkyl ethers 26 and 27, that can be
obtained in reactions of carboxylic acids with vinyl ethers56"59 or
aryl chloromethyl ethers,60 are also called acylals in the chemical
literature.

OR1

R'OCH=CH 2 + R2COOH —*- Me—CH—OCOR2

26

ArOCH2Cl + RCOOH —*• RCOOCH2OAr

27

Compounds 26, 27, and 28 are noteworthy because their
conversions always proceed with substitution of the acyloxy-
rather than alkoxy-group, i.e. the more stable alkoxycarbocations
29 arise (see Section V). Kinetic investigations confirmed this
observation.61 Some examples of such reactions are shown in
Scheme 3.62~65

Scheme 3
OR2

R'CH—OCOR3 « _ 2 \ R'CH—OCOR3

30 28
-R 3 CO 2 H

R'CH—OR2

29

MeCH—OAc

OEt

OMe
A1C1:

PhC=CH 2

OSiMe3

r n.cH2coph

PhOH
BuOCH2Cl —*- BuOCH2OAc >• BuOCH2OPh

EtOCH2OAc + PhNH2 —*• PhNHCOMe

It is appropriate to mention in this Section the unusual sulfur-
containing hetero-analogues of acylals 33, which are products of
the Pummerer reaction.7-66 This reaction is, in essence, acylation
of the sulfoxides 31, which are sulfur analogues of ketones.

R'CH2SR2

O

31

R'CH2—S—R2

OAc A c O -

32

Ac2O

R'CH—SR2

OAc

33

Acylals formed by ketones and an inorganic acid, the
geminal diperchlorates R1R2C(OC1O3)2, have also been
described.67
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III. Enol acylates

Compared with acylals, vinyl esters, i.e. enol acylates, particularly
vinyl acetate, are better known because they are widely used.
Syntheses based on enol acylates are of great importance,
particularly in steroid chemistry. The extensive literature con-
cerning enol acylates has been surveyed in several reviews.68"71

A series of papers have been devoted to modifications of well-
known preparative methods, for example, the acetoxymercura-
tion of alkynes,72'73 as well as to the formation of enol acylates
under unusual conditions (thermal opening of cyclobutene
derivatives,74 electrochemical acylation of indenones75) and
the syntheses of unusual enol acylates (benzenesulfonates,76

triflates77"79). The syntheses of enol acylates from a-halogenated
aldehydes and ketones by the action of acid halides in the
presence of zinc are of interest.80-81

As to syntheses of enol acylates by the acid-catalysed
acylation of carbonyl compounds, new variants of this approach
were also reported side by side with new examples of traditional
procedures (e.g. treatment of ketones with AC2O in the presence
of perchloric 82 or sulfuric acid83). For example, deoxybenzoins
34 react with carboxylic acids or their anhydrides in polyphos-
phoric ester (PPE) to give the O-acylation products 35.84 It was
found that the arylacetic acids 36 can undergo fourfold self-
acylation to form the a-acyloxy-y-pyrones 37 under these
conditions.85

4ArCH2COOH

36

RCOOH
 " H S T *

PPE

Ar1

OCOR
35

O

100 °C, 30min XX"
/ ^ O OCOCH2Ar37

Ar = Ph, 4-NO2C«H4.

The use of an AC2O + MejSiCl mixture represents a new
method for the preparation of enol acylates from ketosteroids.86

This mixture acts as an acylating reagent because trimethylsilyl
chloride cleaves AC2O to give trimethylsilyl acetate and acetyl
chloride.86 AT-Acylpyridinium salts 3887 and acyloxyacylphos-
phonium salts 3988 have also been used as acylating agents
(Scheme 4).

Scheme 4
-Ph

HBF4

R2 OCOR1

CH2C12

COR1

R1 = Pr', Ph, Ar; R2 = Me, Ph.

RCHO + PhCOCl + PC13

R
I + (Me3Si)2NNa

PhCOO—CH—PPh3 C l - 1

39

-C—PF- PhCOO—C—PPh3

I Ph2CHCHO

RCHO + P h 2 C = C H O C O P h

A r C H ° PhCOO-<UcHAr

Investigations of the behaviour of labelled (18O) ketones
confirmed that acylals are intermediates in the formation of enol
acylates by the acid-catalysed acylation of ketones with acetic
anhydride.34 A correlation between the rate of this reaction
and the nucleophilicity of the anion of the protic acid was
demonstrated. Thus, in the acylation of cyclohexanone by AC2O
the degree of conversion of the ketone into the corresponding
enol acetate reaches 80% after 20 min in the presence of HCIO4,
in contrast to only 10% after 10 h in the presence of H2SO4.34 The
reactions of cyclic ketones with isopropenyl acetate 24 in the
presence of both perchloric and sulfuric acids were described in
the same paper.34 According to 'H NMR data, these reactions
occur considerably faster in the presence of HC1O4 than with
H2SO4, because in the former case the intermediates 40 and 42
have a cationoid structure, in contrast to the predominantly
covalent nature of the intermediates 41 and 43 in the latter case
(Scheme 5).

Scheme 5

Me

H2C

)-OKc —

24

HCIO4

H2SO4

Me
V=OAc

Me C1O4

40

Me. OAc

X
Me OSO2OH

41

Me2CO + AcX (4)

X = CIO4, SO4H.

R [CH2

R

AcClO4

AcSO4H

R [CH
J— OAc

R/

R [CH2

C1OJ

42

R ]CH2 OAc

R2 OSO2OH

43

-HX

(5)

Among enol acylate reactions, the interaction of the latter
with cationoid electrophiles (E) is of particular interest. It is
generally known that vinyl ethers 44 always combine with an
electrophile at the double bond carbon atom most remote from
the oxygen atom and are then converted into carbonyl
compounds [see Kulish et al.,89 Shostakovskii,90 and also
Barton and Ollis70 (p. 351)]. This is due to the formation of
the alkoxycarbenium ions 46, which are much more stable than
the alternative carbocation 45 (even tertiary ones).91-93

E

OAlk
H + E"1

OAlk
46

OAlk

This difference in the stability of cations 45 and 46 explains
the pinacol rearrangement with group migration from the carbon
atom linked to the ether oxygen atom94 '95 (see Ref. 1, p. 461). It
should be noted that the concept of carbocation resonance
stabilisation by heteroatoms at the carbenium centre is so
common now that any carboxonium ions are regarded as
a priori stable. If this were really so, there would be no need
to continue this review.
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MeCH=CHOCOMe — ,

47

MeCH=CH—OEt '

48

Scheme 6

H2O Me /

49

R'CH=CH—OAc

50

R2CO+ r R1

i
[ R2COCH—CH—OAc

51

R2COO- R1 OCOR2

R2COCH—CH—OAc

52

(6)

2. AcONa

OAC

53

R1

55
COR2

Ac2O
R1

NO2

54

HC(OEt)3 — t. HC(OEt)2

-EtOH
56

AcCH=CHOAc
57 MeCOC=CHOEt

CHO

H 2 C=CHOAc + ArOH

58 59

H2SO4
*• ArOCH=CH 2 + MeCH—OAr + MeCH(OAr)2

Hg2 + , -AcOH I
OAc

(7)

Many of the reactions involving electrophilic addition to vinyl
esters reported in the literature are fully consistent with the above
ideas. Thus, both the enol acetate of propanal 47 and ethyl
propenyl ether 48 react with mercuric acetate to form ac-acetoxy-
mercuriopropanal 49 (Scheme 6).96'97 Acylation of vinyl acetates
50 leads to the P-ketoaldehyde acylals 52 via the acyloxycarben-
ium ions 51. 9 8 >" Nitration of 1-acetoxycyclohexenes 53 gives the
nitroketones 54,mo while its acylation affords the 1,3-diketones
55.101 The diethoxycarbocation 56 formed from ethyl orthofor-
mate also attacks the enol acetate of 3-oxobutanal 57 at the
position as the C = C double bond most distant from the ether
oxygen atom.102

The addition of phenols 59 to the C(a) atom bearing an
acetoxy-group in vinyl acetate 58 occurs due to protonation of the
latter at the methylene group.103 All of the enol acylates used in
the above reactions contained a primary or secondary carbon
atom at the position in the double bond most distant from the
oxygen atom (which will be, for convenience, henceforth called
the P-carbon atom).

However, it was found recently that enol acylates containing a
tertiary P-carbon atom react with electrophiles in a fundamen-
tally different way. Thus, the enol acetate of isobutyraldehyde 60
gives under acyloxymercuration conditions96 a 1,2-diol derivative
61 rather than an aldehyde.104 Dissolution of the enol acetate 60
in 98% sulfuric acid yields a 1,3-dioxolanylium salt 62, the !H
NMR spectrum of which is fully identical to that of the product
of protonation of methylallyl acetate 63.105 Benzoylation and
alkylation of the enol benzoate 64 in weakly nucleophilic media
yield 4-benzoyl-65 and 4-tert-butyl-l,3-dioxolanylium salts 66,
respectively.104 It should be emphasised that the above 1,3-dioxo-
lanylium salts 62, 65, and 66 are derivatives of 1,2-glycols, into
which they can be readily converted by hydrolysis106 (Scheme 7).

Thus, if an enol acylate is branched at the position in the
C = C double bond most distant from the oxygen atom, the
addition of an electrophilic species occurs at the a-carbon atom
linked to the oxygen atom. Hence, the energies of the alternative
cations, i.e. the acyloxycarbenium cations 67 and the tertiary
carbenium cation 68, are almost the same (see Section VI)
(Scheme 8).

Me

Me

60

OAc
l.Hg(OAc)2,H
2. KC1

Scheme

60

H2SO4

62

Me

Me

OCOPh

64

Me

Me

Me

Me

Ph

65

Ph

66

COPh

SbClT

CMe3

SbCl6-

a: PhCO + SbClj, - 1 0 °C, CH3NO2;

b: Me3C + SbCljf, - 60 °C, CH2C12.
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Scheme 8
Me
B
Me

H

OCOR

+ E4

67 60,64

Me

•
Me

R = Me, Ph.
68

Me

R

This conclusion is in good agreement with the results of the
alkylation of the enol acetate 47 under the same conditions
leading to 1,3-dioxanylium hexachloroantimonate 73.104 The
reaction mechanism presupposes the formation of the acyloxy-
carbenium ion 70, which is more stable than the secondary
carbocation 69, and two consecutive migrations of a hydrogen
atom and the methyl group (Scheme 9).

Scheme 9
Me CMe3

M
H OAc

SbCl6"

69

T7^ O
I SbClJ

Me

k Me3C
+SbClj

MeCH=CH—OAc

47
^ O SbCl6

Me

k
H H

Me^<+ _ ^
Me3C OAc

SbClf

70

Me
CH2OAc

Me' Me SbCl6"

71

-Me

sbci;
SbCl«

73

It should be noted in conclusion that the acid-catalysed
acylation of aldehydes and ketones leads to enol acylates,
provided that the reaction mixtures contain bases capable of
eliminating a proton from the product of the O-acylation of the
carbonyl compound. This function can be performed by iso-
propenyl acetate,34 pyridine,87 or the acetate anion at elevated
temperatures. In the cold, nucleophilic addition of acylate anions
takes place and is accompanied by the formation of acylals. If
other acylating reagents are used, such as acyl halides, then the
halogen atom should play the role of the nucleophile.

IV. a-Haloalkyl acylates
The acid-catalysed acylation of aldehydes by acid chlorides was
discovered in 1901.107-108 The a-chloroalkyl carboxylates 2 were
obtained from formaldehyde and acetaldehyde in the presence of
anhydrous zinc chloride. Later several studies were published in
which this reaction was extended to higher aldehydes and
acrolein.109"112

The a-haloalkyl acylates 2 have aroused interest only since the
middle of this century. This was connected with the possible use
of these compounds for the preparation of vinyl monomers,113

but primarily for application in studies of the nucleophilic
substitution mechanism. In the sixties and seventies, Euranto and
coworkers published the results of very detailed investigations of
the noncatalytic hydrolysis of various a-haloesters under a wide
range of conditions (see the relevant communications114""120 and
the references therein). The methods for the preparation of
a-haloalkyl acylates reported up to that time were surveyed in a
separate article,121 in which the merits and drawbacks of ten
different approaches were listed. Preference was given to methods
involving the chlorination of alkyl carboxylates as well as the
halogenation and hydrohalogenation of enol acylates. Five of
these procedures, including the acylation of aldehydes, were used
for the preparation of samples employed in kinetic investiga-
tions.121 Brief historical surveys concerning the topic discussed
were also given in Refs 109 and 113.

However, a preparative application of the reaction of
carbonyl compounds with acyl halides was not found until
the late sixties, when Neuenschwander and coworkers122'123

developed a new method to prepare fulvenes. It was found
that only a-chloroalkyl acetates are capable of reacting effectively
with cyclopentadiene to form differently substituted fulvenes in
up to 70% yields.122"125 Neither their precursors, i.e. carbonyl
compounds, nor the related simple a-chloroesters react in this
way. A detailed investigation of the mechanism of the formation
of the key starting materials, i.e. a-haloalkyl acylates (acyloxy-
chloromethanes), became the subject of a series of papers. Two
papers126-127 reported the applicability of the haloacylation of
carbonyl compounds to the synthesis of a-haloalkyl acylates.

The equilibrium of the reaction between the aliphatic
aldehydes 74 and the acetyl halides 75 is so shifted towards
the products 76 that the equilibrium constant cannot be deter-
mined by :H NMR spectroscopy. The authors believe that the
reaction considered was rarely used for preparative purposes
because of the poor yields of the target products 76 resulting from
imperfect techniques for the isolation of the latter. This problem
can be solved by using low temperatures (from —10 to 0 °C) and
by removing the catalyst (ZnCh) before the fractional distillation
of the reaction mixtures.

R—CHO + CH3COX

74 75

ZnCl2
68%-99%

RCH—OCOCH3

X 76

(8)

R = H, Me, Et, Pr, Pr', Bu, Bu*, Bu', CH = CH2, CH = CHOAc,

CH = CHC1, C = CH, Ph, Ar, | | ; X = Cl, Br.

The haloacylation of a,P-unsaturated aldehydes occurs
readily (68%-94% yields).127 In contrast to the situation with
aliphatic aldehydes, the equilibrium position of the reaction
involving aromatic aldehydes is measurable; substituents having
+M and +/ effects shift this equilibrium to the left. Therefore,
excess acetyl chloride should be used in reactions involving
starting aldehydes such as 4-methoxy- and 4-dimethoxy-amino-
benzaldehydes. Other aromatic aldehydes afford the products 76
in 96%-99% yields.

The haloacylation of ketones 77 gives the products 78 in
76%-93% yields, which were observed to depend on the ring size
of the alicyclic ketones. In the case of cyclobutanone and cyclo-
hexanone, the equilibrium position is shifted towards the product
78, whereas for cyclopentanone and cycloheptanone it is nearer to
the starting reactants. Aromatic ketones such as acetophenone
practically do not form a-haloalkyl esters. Tropone 79, which
gives the acylation product 80 with an ionic structure, occupies a
particular position.127
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R'COR2 + CH3COX A1C '3 »• R1—C—OCOCH3

77 75 X 78

R1, R2 = Me, - ( C H 2 ) n - , n = 3,5; X = Cl, Br

O OAc

(9)

(10)

79 80

An analysis of the side products formed by the haloacetyla-
tion of aldehydes has been carried out128 in order to optimise the
synthesis conditions. The structure of the aliphatic aldehydes, the
reaction time, the concentrations of the catalysts and starting
reactants, as well as the polarity of the solvent were varied during
this investigation. It was concluded that (a) dilute solutions,
{b) nonpolar solvents, (c) higher concentrations of acetyl
halides, achieved by the dropwise addition of the aldehyde to
the reaction mixture, (d) low temperatures, and (e) higher
concentrations of the catalyst dissolved in the acyl halide should
be used for the successful suppression of side reactions mentioned
above.

The dependence of the equilibrium position on the reaction
conditions in the above processes [Eqns (8) and (9)] was
considered in detail in Ref. 129. The equilibrium constants
were measured as a function of the structure of the carbonyl
component, the composition of the acyl halide, solvent polarity,
and temperature. The results of exact measurements129 fully agree
with the practical recommendations specified above.128

Finally, the possible mechanisms of the haloacylation of
carbonyl compounds, namely, the two 'polar mechanisms' (a, b),
the synchronous mechanism (c), and the ketene mechanism (d)
have been thoroughly discussed130 (Scheme 10). It was shown by
•H NMR kinetic measurements that aliphatic acyl halides react
according to the 'polar mechanism' b via the intermediates 84 and
85, i.e. without ionisation, while aromatic acyl chlorides follow
the mechanism a with the participation of the acyloxycarboca-
tions 82.130 This can be attributed to the lower energy (i.e. higher
stability) of the benzoyl cations 81 (R1 = Ar) in comparison with
that of aliphatic acyl cations.

In relation to the facts considered above, we should also
mention the long known intramolecular interaction between the
functional groups in the chlorides of y- and 8-keto- and aldehydo-
carboxylic and o-acylbenzoic acids 87.

O

The majority of such compounds are stable only as cyclic
a-chloroalkyl acylates 88, and only a few examples are known
where steric hindrance prevents cyclisation.131"134 More than a
hundred of such structures, both aliphatic and aromatic, were
considered in a review135 containing an extensive bibliography.
The existence of tautomeric equilibrium between the open
form 87 and the cyclic form 88 is completely rejected in Refs
133-135.

As mentioned above, until now there has been little
information about the synthetic application of ot-haloalkyl
acylates. These compounds can be used as alkylating reagents
in reactions with 2-(trimethylsilyloxy)furan,22 pyridine,113

secondary amines,136 silver salts of TV-nitrosohydroxylamines,137

and phenols,138 as well as for forming carbon-manganese
bonds.139 However, the same a-haloesters behave as acylating
agents under other conditions.136138-140 The chlorine atom in
a-chloroalkyl acetates, similarly to that in acylals (see Section II),
can be substituted by the trichloromethyl group under phase-
transfer catalytic conditions.141 However, the most interesting
properties of a-chloroesters were found when the latter were used
for the synthesis of oxygen-containing heterocyclic compounds
(see Section V).

V. Acyloxycarbenium ions
It was shown by kinetic studies of the hydrolysis of the
a-haloesters 83 and 89 that the majority of the latter react
according to a S^\ mechanism114""120 via the acyloxycarbenium
ions 82 and 90 as intermediates.

Scheme 10

R'COCl + ZnCb

R>CO+ZnC15"

81

Cl

R i — C = O — Z n C b

84

R2—CHOCOR1 ZnClJ

82
-ZnCl2

R2CHO
.ZnCh

"l? 7
.cj X.

R1 £ o + R2

ci

R2CH(C1)—OCOR1

83

-ZnCh

85

R'COCl + ZnCl2

84 86 81

CH3COCI + ZnCl2
-ZnClrHCl

Cl—ZnCl2

86

H 2 C = C = O

,ZnCl
83

—ZnCl2

RCHO

H2C

ZnCl2-HCl

-ZnCl2
X c l v H
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(11)

R1—C=O + R3COOH

R2

It was established115 that oc-chloroethyl benzoate 89 (R1 = Me,
R2 = H, R3 = Ph) hydrolyses via a unimolecular SV1 mechanism
almost 100 times more quickly than chloromethyl benzoate 89
(R1 = R2 = H, R3 = Ph), the solvolysis of which occurs by an SN2
mechanism. Secondary ot-haloalkyl acylates 89 (R1, R2 = Alk,
R3 = Me, Et, CCb) are hydrolysed a thousand times more quickly
than the corresponding primary esters 89 (R1 = Alk, R2 = H,
R3 = Ph).116 a-Chlorobenzyl esters 89 (R1 = Ar, R2 = H, R3 = Ph)
also undergo substitution of the chlorine atom by a unimolecular
mechanism.118-119

The formation of cyclic acyloxycarbocations 91 is suggested
by kinetic data for the hydrolysis of the cyclic cc-chloroalkyl
acylates 88 mentioned above.133-134-142

88
H2O

(12)

The hydrolysis of the acylals 1 can also occur by different
pathways. Ethylidene diacetate MeCH(OAc)2 reacts by an AAc2
mechanism,36 like p-nitrobenzylidene diacetate, 4-O2NC6H4-
CH(OAc)2.37 However, p-methoxybenzylidene diacetate,
4-MeOC6H4CH(OAc)2, undergoes unimolecular hydrolysis via
acyloxycarbenium ions.37 It was shown that primary oc-chloro-
alkyl esters react with oxygen- and nitrogen-containing
nucleophiles by a bimolecular mechanism,136-138 whereas the
analogous oc-chloroalkyl ethers react by an SNI mechanism.94 It is
known that vinyl ethers hydrolyse via the same mechanism 104

times more quickly than vinyl acetate, which was supposed to
form a ^-complex with the proton.89 However, the next
homologue, isopropenyl acetate 24, can be readily transformed
into the acyloxycarbocation 40,143-144 which was detected by !H
NMR spectroscopy.145 It was assumed that both the acetolysis of

O COOH

H2SO4, - H 3 O +

a-acetoxystyrene, PhC(OAc)=CH2,146 and the formation of
phthalides from o-aroylbenzoic acids147 proceed with formation
of acyloxycarbenium ions.

These results allow us to conclude that the generation of the
acyloxycarbocations 90 requires a considerably higher energy
than the formation of the related alkoxycarbocations 46 and
depends very strongly on both the precursor structure (acylal,
enol acylate, or a-haloalkyl acylate) and on reaction conditions.
The high energy of the acyloxycarbocations follows from the
unusual mode of electrophilic addition to P-branched enol
acylates (see Section III) and from some indirect evidence,
such as the possibility of an equilibrium between the acyloxy-
carbenium ion 92 (in this case, considerably stabilised) and the
acylium ion 93 (Scheme II).148

Thus, an acyloxy group linked to a carbenium centre
stabilises the latter, but to a much lower extent than a hydroxy-
or alkoxy-group. Apparently, the relatively high stability of
acylals in weakly acid media21 (see Section II) can be explained by
difficulties in their ionisation (in comparison with acetals).

Perhaps the fact that acyloxycarbenium ions have never been
mentioned in any of the reviews dealing with carboxonium
ions91 ~93 can be explained only by their unpredictable formation
conditions and behaviour. At the same time, the information
presented above suggests that these species cannot be regarded as
just one example of the ion series R 1R 2C+-OR 3 . In addition
to the high energy of acyloxycarbocations, their tendency to
decompose into a carbonyl compound and a quite stable acylium
cation should be taken into account as their characteristic
feature.129-149-15° However, since acyloxycarbenium ions are
intermediates not only in the acid-catalysed acylation of carbonyl
compounds but also in the reactions of its products, it is quite
appropriate to make a compilation of the scattered data on these
species.

In addition to the instances presented above [reactions
(3)-(6), (10)-(13); Schemes 9 and 10], the acyloxycarbocations
95,98,100, and 101 were assumed as intermediates in a number of
reactions of carbonyl compounds with acylating agents: the
reaction of succinic anhydride with 2-acetoxybut-2-ene 94 for the
preparation of the key intermediate 96 in steroid syntheses;151 the
conversion of 2,6-diphenyl-4-pyrone 97 into cyanine dyes;152 the
reaction of 3,5-di-tert-butyl-l,2-benzoquinone 99 with acetic
anhydride (Scheme 12).153-154

The acyloxycarbenium ions 103, 104, and 106 are formed by
the acylation of the a,P-unsaturated carbonyl compounds 102 and
105155,156

Scheme 11

92

MeO.

(13)
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Scheme 12

O + Me

OAc

Me AICI3

PhNO:

94

Ac2O

Ph 97

.OAc

CIO4

AcO"

Ph

XOOH

102 103 c l ~

H2C=CH—CHO

105
AICI3

[ H 2 C — C H — C H — O C O R J AICI4

106

Cl—CH2CH=CH—OCOR

-AICI3

OAc

Ac2O

HCIO4 * *LJ C1°4

Bu1' "OAc Bul OAc
101

OAc
Bu

OAc

The oxidative dehydrogenation of the esters 107 and 109
occurs with the intermediate formation of the acyloxycarbenium
caitons 108 and HO.149-157

RCH2OCOMe

107

PhjC C1OJ

-PhsCH

[RCH—OCOMe CIO4]

108

PhCOMe

CIO4

R1

Ph—CH—OCOR2

109
-HNO

R1

Ph—C—OCOR2 X - -PhCOR1

110

R2CO + X"
H2O R2COOH + HX

The cyloxycarbenium ions 113, 115, 117, 119, and 121 are
formed in the condensation of o-acetylbenzoic acid 111 with the
salicyl aldehydes 112,158>159 in the ionisation of the mixed
anhydrides 114,160 in the acylation of the a-diazoketones
116,161 in the acid treatment of citral diacetate 118,162 and in
the liquid-phase oxidation of the ketones 120163 (Scheme 13).

Both the nitration of cyclohexanone enol acetates 5310° and
the formylation of formylacetone monoenol acetate 57102

considered above (see Section III) also proceed via acyloxy-
carbenium ions as intermediates. It was assumed that the latter
(compounds 122-124) can serve as intermediates in acid-
catalysed transformations of sulfur-containing compounds
(Scheme 14).164"166
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COOH

CHO

OH

HX

111 112

Scheme 13
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The unusual cationoid species 125 and 126 are formed by the
0-acylation of amides.167-168

Me2NCHO + Ac2O

=^i= [Me2N===Me2N===CHOCOMe

Ph

O V=CHR

Ph

125

Ph
\ R NMe2

O+ ^—CH—CH—OCOMe AcO"

Ph

R'CONR? + R3COC1
CF3SO3Ag

CH2CI2
C N R f

OCOR3

126

The carbocations 128, 130, and 132 are intermediates in
reactions of trifluoromethanesulfonic anhydride with the buty-
nones 127169 and the terpene ketones 129 and 131.170-171

RlC=C—COCH2R2

127

Tf2O

R'CSC—C—CH2R2

AIT
 TfO"

128

R>C=C—C=CHR2

OTf

TfO-

\ TfO"

OTf
132

OTf

The reaction of 1-adamantyl triflate 133 with carbon
monoxide and adamantane (AdH) in the presence of trifluoro-
methanesulfonic acid (TfOH) gives the products 137, 139, and
140, the formation of which was explained by the participation of
acyloxycarbenium intermediates 136,136a, and 138.172 Although
one of them (136) was represented as a covalent structure,172 its
ability to be a hydride acceptor and to undergo a rearrangement
suggests that it is readily transformed into the cation 136a (the low
nucleophilicity of the triflate anion is well known173).

OTf

CO
TfOH*

AdCO+TfO"

L 134

AdH
TfOH*

AdCHO -

135

h AdOTf

133

134 + 135
TfOH

OTf

Ad—CH—OCOAd

136

AdH

AdCH2OCOAd + AdOTf

137 133

OCOAd

136a TfO-

OCOAd

OCOAd

OTf

OCOAd

TfOH
.OCOAd

CH2OTf

140

Finally, stable acyloxycarbenium salts have been described:
acyloxypyrylium (141, 142, and 143),174~176 4-oxo-l,3-dioxolan-
2-ylium (144), and 4-oxo-l,3-dioxolan-2-ylium (145),177 as well as
4-oxo-l,3-dioxolan-2-ylium (146)178 salts. Papers dealing with the
synthesis of the carbocyclic and heterocyclic systems 147 and 148
containing an acetoxy group as a substituent have been
published.179-180

OAc
MeO. OAc

CIO4

142

; ? cio4-

OCOR SbClJ
144

To sum up the above information, five general methods for
the generation of the acyloxycarbocations 149 can be distin-
guished: (a) ionisation of the oc-chloroalkyl acylates 150;119
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(b) ionisation of the acylals 151;37 (c) addition of cationoid
electrophiles to the enol acylates 152;145 (d) oxidative dehy-
drogenation of the esters 153;149-157 and (e) direct O-acylation of
the carbonyl compounds 154156 (Scheme 15).

Scheme 15

R- Cl

R2 OCOR3

150

(a) 1 - C l -

R' OCOR3

R2 OCOR3

151

(A) I -R3COO"

R1

149

(d)
-EH

H

(e)|+R3CO +

OCOR3

R

R2 OCOR3

R1

R

152 153 154

It is known that the stability of highly reactive species such as
carbocations can be characterised by the conditions of their
existence as salts. Many hydroxy- and alkoxy-carbenium ions are
so stable that they can readily be detected in solution by 'H NMR
spectroscopy or even isolated as salts with nonnucleophilic
anions.91-92 The conversion of the diacetates of benzaldehyde
and its substituted derivatives 155 into arylacyloxycarbenium
perchlorates 156, characterised by 'H NMR spectra of the
acylals 155 in solutions in concentrated H2SO4, have been
reported.181 The chemical shifts presented181 agree well with
those for methoxycarbenium ions formed from dimethyl acetals
of the same aldehydes.92 However, the author's statement181

concerning the isolation of solid acyloxycarbenium salts is
doubtful. As shown in another study,182 treatment with SbCls
of the a-chloroalkyl acetates 157 derived from aliphatic aldehydes
leads only to complexes of the latter with SbCl5 (158). Mixing the
oc-chlorobenzyl acylates 159 with SbCls at temperatures higher
than -60 °C also gives the colourless complexes 161.183 Only at
—95 °C were bright yellow precipitates of the salts 160 obtained
and could be characterised by IR spectra. Heating their
suspensions in CH2CI2 to —60 °C results in their decomposition.
The product 163 of the reaction between a-chloro-o-nitrobenzyl
acetate 162 and SbCl5 turned out to be somewhat more stable.183

Its stability (10 to 15 min at 20 °C) can be explained by the
participation of the ortfo-nitro group in cyclisation184

(Scheme 16).
Scheme 16

CH(OAc)2
H2SO4

CHOAc

HSOJ + AcOH

156

R = H, Me, F, Cl, Br, I.

RCH2CH—OAc
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157
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R = Me. Et. Prj.

PhCH—OCOR
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159

SbCls

-95 °C

Scheme 16 continued

PhCH—OCOR SbClJ
-60°C
-RCOC1

160

PhCHO-SbCl5

161

R = Me, Ph.

SbClJ

As in ACIE reactions of enol acylates (see Section III), the
situation changes sharply when the a-chloroalkyl acylates 165,
obtained from the oc-branched aldehydes 164, are treated with
SbCls. Colourless stable salts were isolated in quantitative yields;
according to LH NMR and IR spectroscopic data, these turned
out to be 1,3-dioxolanylium hexachloroantimonates 168.182'185-186

R1 R1 Cl

R2—C—CHO + R4COC1

R3

ZnCfe
R2—C—CH-OCOR4

R3

SbCl5

164

R1

R2—C—CH-OCOR4

166R3

165

-R3

(14)

R '
CC—C—H

OCOR4

167
SbCL"

R2

SbCl6"
R4

168

R1 = Me, Ph;

R2 = Me, Et, Ph; R1 + R2 = - ( C H 2 ) 4 - , - ( C H 2 ) 5 - ;

R3 = H, Ph, PhCH2; R4 = Me, Et, Ph.

Thus, the same 1,3-dioxolanylium salts as those derived from
branched enol acylates 60 and 64 are formed from the
a-chloroesters 165. However, isomerisation of the acyloxycar-
benium ions 166 to the tertiary carbenium ions 167, already
shown above (see Scheme 9), occurs in this reaction. It must be
emphasised that rearrangements with 1,2-migration to a carbon
atom linked to an oxygen atom (see Section VI) are not typical of
carboxonium ions and thus differentiate sharply the acyloxy-
carbenium ions 171 from the well-known hydroxy-(169) and
alkoxycarbenium (170) ions.

+ oi?'fR

171

OH

169 170

Moreover, an important feature of the cations 171 is the
combination of electrophilic (the carbenium atom) and nucleo-
philic (the carbonyl oxygen atom) centres within the same species.
This makes them suitable for interaction with unsaturated
compounds in polar 1,4-cycloaddition reactions.187 Thus, ben-
zoyloxyphenylcarbenium hexachloroantimonate 173, obtained
beforehand from a-chlorobenzyl benzoate 172, reacts with the
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alkanes 174 to give the 1,3-dioxanylium salts 175.183 The
5-acyloxy-l,3-dioxanylium salts 177 can be derived from the
enol acylates 60 and 64 as unsaturated components.183

Scheme 17

Cl

PhCH—OCOPh

172

Me R
173

Me
174

Me

PhCH—OCOPh SbClj

173

OCOPh

SbCl6"

R = Me, Ph.

Hydrolysis of 1,3-dioxanylium salts 175 readily yields 1,3-
diols with a branched skeleton.188 Correspondingly, the salts 177
can be precursors of 1,2,3-triol derivatives.

The interaction of the carboxonium salt 173 with 2-butene
179 leads to a separable mixture of the isomers 182 and 183 in a
6:1 molar ratio. It is obvious that cyclisation of the secondary
cationoid intermediate 180 is accompanied by partial isomerisa-
tion of the latter to the more stable tertiary cation 181.183

However, cyclohexene reacts with the salt 173 to give only the
1,3-dioxolanylium derivative 185. Apparently, immediate
cyclisation in the less flexible structure 184 is difficult
(Scheme 17).183

A contradiction is evident in the above cycloaddition
processes. On the one hand, no five-membered heterocycles
178 arise in the reaction of the enol acylates 60 and 64 with the
salt 173 by the pathway described in Section III. Cyclisation
through one of the two acyloxy groups in the intermediate 176
results only in the 1,3-dioxanylium salts 177, which supports the
concerted 1,4-addition of the cation 173 to the C = C double bond.
On the other hand, the addition to cyclohexene has an obviously
stepwise mechanism.

As shown by ;H NMR spectroscopy,188'189 the concerted and
stepwise cycloaddition mechanisms can operate simultaneously,
and the structure of the end-products is determined by the
configuration of at least two transition states arising from the
differing chirality of a-chlorobenzyl benzoate 172.188

MeCH=CHMe

179

173

OCOPh

sbcir
182

SbCl6"

173

Ph

OCOPh ~H
1

SbClJ

H2O

Ph

C—OCOPh
H

OH

VI. Direct 0-acylation of aldehydes and ketones
The use of acylals, enol acylates, and a-haloalkyl acylates for
preparative syntheses of acyloxycarbocations suffers from several
drawbacks. On the one hand, these approaches are in essence
'two steps forward and one step back' because carbonyl
compounds acylated under acid catalytic conditions are common
starting materials in all these reactions. On the other hand, only
aldehydes can be employed successfully, since ketones usually do
not form stable acylals and a-haloesters.

Therefore, attempts were made to perform the above
syntheses by obtaining the required acyloxycarbocations directly
from aldehydes and ketones by path e (see Scheme 15). To solve
this problem, some requirements had to be fulfilled. First, it was
necessary to exclude from the reaction mixtures both any
'external' nucleophiles, such as halide, acylate, and hydroxide
anions to avoid the formation of the adducts 1 or 2, and any bases
to prevent the deprotonation of the acyloxycarbocations to give
enol acylates or the fragmentation of the former with loss of an
acyl cation. Obviously, the presence of protons as competing
electrophiles is also undesirable.

All of these requirements can be satisfied by employing
cationoid complexes, namely, acylium salts that have recently
found extensive use for the controlled and directed functionalisa-
tion of unsaturated compounds under Ads reaction condi-
tions.190"192 The benzoyl and rm-butyl hexachloroantimonates
(see Schemes 7 and 9) can be used as such cationoid complexes.

The interaction of a series of aldehydes and ketones 186 with
benzoyl hexachloroantimonate 187 gave the 1,3-dioxolanylium
salts 188 in 32%-86% yields.193"195 It was found that nitro-
methane is the optimum solvent for these processes as it can
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R3 O
186

SbClJ

187

R1

RV v
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Me

Ph

190

XOPh

SbCT

COR
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H2O, NaOH

Et2O,20°C '

Ph
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(17)

192

"YV*
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193

SbClJ
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effectively stabilise the cationoid intermediates.194 The acylation
of the ketoaldehydes 189 under the same conditions gave the
hitherto unknown 4-acyl-l,3-dioxolanylium salts 190. Hydrolysis
of the salt 190a yielded the polyfunctional compounds 191 and
192.196 1,3-Diketone 193 behaves similarly (Scheme 18).196

Studies of the structures of the products of these reactions,
190 and 194, and compositions of the reaction mixtures [Eqns
(16) and (18)] showed that these processes involve 1,2-acyl
migrations.196 It should be noted that 1,2-shifts of acyl groups
between carbon atoms in cations are very rare and have been
studied only in the ketoxirane series.197"200 However, the
isomerisation of the acyloxycarbocations already mentioned in
Sections V and VI [Eqns (14)-(16) and (18); Scheme 9] is worthy
of particular consideration.

Sextet rearrangements so typical of carbenium ions94-201 are
not in any way characteristic of the carboxonium cations 169 and
170, which arise in acid-catalysed reactions of carbonyl com-
pounds. The Danilov aldehyde-ketone isomerisation,202 the
acyloin rearrangement,94 as well as the dienone-phenol
rearrangement12 are perhaps the only ones known. Therefore,
the isomerisation discovered in reactions involving acyloxycarbo-
cations at once attracted attention. The isomerisation is, in
essence, the transformation of carbonyl compounds into 1,2-
diols, i.e. is the reverse of the pinacol (diol- ketone) rearrange-
ment; hence it was described as a retropinacol rearrangement.
This term is about 90 years old and is most frequently used for the
conversion of pinacol into tetramethylethene. However, this
conversion is in fact not a retro-reaction relative to the pinacol
rearrangement. This fact has been repeatedly noted, and it was
even proposed to exclude altogether this inappropriate term.203

The discovery of a reaction actually corresponding to this
concept required reasoned criteria to determine the place of the
process among other rearrangements. Structural, functional, and
redox features were proposed for this purpose, according to

which this conversion of carbonyl compounds is fully the reverse
of the pinacol rearrangement.194-195-204-206

A few further examples of the retropinacol rearrangement,
also proceeding upon acylation of carbonyl compounds, have
been described in the literature. The action of trichloroacetic
anhydride on camphor 19533 and of trifluoromethanesulfonic
anhydride on l-methylnorborn-5-en-2-one 197170 leads to the
allyl alcohol derivatives 196 and 198. These reactions are the
reverse of the second variant of the pinacol rearrangement,
viz. the L'vov-Sheshukov reaction (conversion of allyl alcohols
into aldehydes 2 0 2) . The acylation of the aldehydes 199 by the acyl
triflates 200 also occurs through the retropinacol rearrangement
to give the 1,2-diols 201.207 An analogous transformation of the
aldehyde 199d by treatment with benzoyl chloride in the presence
of AICI3 was recently described.208 Pinacolone 202 undergoes a
rearrangement on treatment with SO3 (Scheme 19).209

All these reactions are possible owing to the high energy of
the acyloxycarbenium intermediates. According to quantum
chemical calculations, the energy of the latter is almost equal
to that of tertiary carbenium ions [Afl/(166) = 94.8 kcal mol"1;
A#/(167) = 97.2 kcal mol"1].210

Such a low stability of the acyloxycarbenium ions 171 relative
to the carboxonium ions 169 and 170 permits other conversions
that are also unusual for carbonyl compounds. Fragmentation of
the cationoid intermediate with cleavage of the C - C bond can
occur under conditions complicating the rearrangement. Thus,
not migration but loss of the benzoyl group in the intermediate
204 takes place upon the benzoylation of 1,1-dibenzoylcyclo-
pentane 203.196 Under the same conditions, the P-branched
ketone 206 gives the acyloxycarbocation 207, which is
incapable of rearrangement (which would result in a less stable
secondary carbocation) and therefore undergoes fragmentation.
C-Acylation of its products 208-210 gives the pyrylium salt
211196 (Scheme 20).
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Information from this series of investigations revealed the
following series based on the thermodynamic stability of
cations.104
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Thus, substitution of a hydroxy- or alkoxy-group at the
carbenium centre by an acyloxy group destabilises the carboca-
tion and thereby increases the reaction potentialities of the latter.
The term 'destabilised carbocations' that has recently appeared in
the chemical literature166-211 can be quite legitimately applied
also to the cations 171.

Still greater destabilisation of carbocations can be achieved
by the 'insertion' of the electron-withdrawing carbonyl group
on the other side of the carbenium centre, i.e. into the alkyl
fragment of the carboxonium ion. In this way, a-ketocarbenium
ions 212 can be obtained.

O
i I I !

—OR3
C

212

An investigation of these highly reactive species began several
years ago.212"214 Such cations can be generated by the acylation
of 1,2-diketones. For example, benzil 213 reacts with benzoyl
hexachloroantimonate 187 to form the 4,5-epoxy-l,3-dioxolany-
lium salt 214, according to experimental results and quantum-
chemical calculations.215 The possibility of three-fold degenerate
intramolecular 1,3-migration of the carbon-carbon bond was
assumed.215

H2O
- A c O H

O

Ph.
Ph + PhCO|

O
213 187

ô — o
Ph SbClJ

214
Ph SbClJ

It is known that enolisable 1,3-diketones undergo acylation at
the meso-position in the presence of Lewis acids.216 However, it
was recently shown that benzoylacetone 215 reacts with the
acylium salts 218 to give the 2,6-diaryl-4-pyrones 221 which are
difficult to synthesise.217 The process mechanism involves the
diacyloxyallyl cations 219 which are transformed into the enol
acylates 220; these undergo C-acylation at the terminal methylene
group. The corresponding allyl cations were isolated as the
perchlorate 216, which was then converted into the enol acetate
217 (Scheme 21).217

Apparently, the C-acylation of ethylideneacetone 222, pre-
ceded by O-acylation and then deprotonation to the key
intermediate 224, should proceed via a similar mechanism.218

The acid-catalysed O-acylation in the last two examples
evidently promotes the subsequent lengthening of the carbon
chain and final cyclisation.

Scheme 21

+ SbCl6-
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R = P h , 4 - M e C 6 H 4 .

OCOR

f+ XH2COR
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Me
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223
SbClJ

224
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-AcOH
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VII. Acid-catalysed C-acylation of carbonyl
compounds
The aforementioned (see Section I) method of synthesis of
1,3-diketones by the acylation of ketones in the presence of boron
trifluoride6 has never been widely used. This was prevented by
various side reactions (acylation of diketones, see Section VI) as
well as the successful development of alternative approaches
using fixed enolic derivatives of ketones, particularly silyl enol
ethers (see, for example, Tirpak and Rathke 219 and a review 22°).
On the other hand, these side reactions were the basis of many
one-pot syntheses of oxygen-containing heterocyclic compounds.
These syntheses involve the repeated acylation of the starting
carbonyl compounds and intermediates, and are in essence chains
of consecutive conversions of cationoid (or similar) structures,
terminated by cyclisations to highly stable heterocyclic cations.

Syntheses of the 4-pyrones 227 by the acylation of acetone
and its symmetrical homologues 226 have been reported. In these
processes, carboxylic acids or their anhydrides in the presence of
polyphosphoric acid221 or acetyl chloride with AICI3 222 were
used as acylating agents. Repeated acylation of phenylethanol
228 gives the unsymmetrical 4-pyrones 233.223 This reaction
involves successive lengthening of the carbon chain via the
intermediates 230 and 231, which are represented as uncharged
species but can hardly remain uncharged under these reaction
conditions.

R1CH2COCH2R1

226

227

228

Phv

U

Y' AC2°
O HC1O4

COMe

If °
^O^Me

230

si

Ac2O
|HCIO4

^ OAc

229

O
11

P h .

O*^Me

231

Ac2O

HCIO4

Me

2 MeCOMe
Ac2O

HClO4,40%
(20)

2 ArCOMe

235

(RCO)2O

HClO4,40%-65%
(21)

Noteworthy modifications of the latter process are acylation
of aromatic compounds 237 having electron-donating substitu-
ents and protonation of the aryl methyl ketones 235 with strong
inorganic acids.224 In the former case, the initial Friedel - Crafts
ring C-acylation to the ketone 235 is followed by its reaction
according to Eqn (21). In the latter case, the interaction involves
self-condensation of the ketone 235 to the dypnone 238, which is
partially deacylated by the acid [Eqn (22)].224-228 It should be
mentioned that this reaction [Eqn (22)] is of a rather theoretical
interest because abundant charring takes place, whereas the
yields of the salts 240 do not exceed 12%- 15%.

COMe

236

235
Ar

CH2

11 + ArCO+ (22)

239
Me

238 + 239

Ar '

Ar = Ph,4-MeOC6H4,4-BrC6H4.

H2O

However, pyrylium salts (e.g. 225 and 232) occupy a
dominant position among the heterocyclic compounds discussed.
Practically all the information concerning these compounds is
concentrated in two comprehensive reviews224> 225 and in several
papers.91'174-226 Therefore, the methods of synthesis of pyrylium
salts by the acylation of carbonyl compounds will be outlined
only briefly in the present review.

It turned out that the mixture of acetic anhydride with 70%
perchloric acid was the most suitable acylating agent for the
synthesis of pyrylium salts.226 This mixture converts acetone into
2,4,6-trimethylpyrylium perchlorate 234;227 unsymmetrical
6-alkyl-2,4-diarylpyrylium salts 236 were obtained from the
aryl methyl ketones 235 under the same conditions.174

Until recently, there were no commonly accepted
opinions concerning the pathway of the methyl ketone acylation
[Eqns (20) and (21)]. Arguments have been put forward in the
literature both in favour of the initial C-acylation of the
starting ketones 241 to give the 1,3-diketones 242, which
subsequently react with a second molecule of the ketone 241
(pathway a), and in favour of the preliminary crotonic con-
densation of the ketones 241 to give the a,p-unsaturated
ketones 244, which then undergo C-acylation (pathway b).224

Recently, investigations showed that condensations of the
unsymmetrical 1,3-diketones 242 ( R ^ R 2 ) with methyl
ketones 241 always lead to mixtures of isomeric pyrylium salts
243 and 245, while acylation of the ketones 241 gives only the
asymmetric isomers 236 and 245.229 Hence, it was concluded
that the latter reaction occurs by pathway b (Scheme 22).
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Scheme 22

R2

250 251

- H 2 O R1

244

The acylation of the a, p-unsaturated ketones 244 represented
by Scheme 22 is one more widely used method for synthesising
pyrylium salts,224 particularly when salts 245 containing definite
substituents at positions 2 and 4 are required. The use of dypnone
[l,3-diphenyl-2-buten-l-one (Ed.)] and mesityl oxide has been
reported most frequently.224 Evidently, the process occurs by Eqn
(19) including isomerisation to a P,y-unsaturated ketone (or the
corresponding enol acylate 224).218

Finally, one more reaction, very important in pyrylium
chemistry, cannot be disregarded, namely, the acylation of the
benzyl ketones 246 to give the 2-benzopyrylium salts 12 and
247.230 T n e s e salts can be readily transformed into isoquinolines,
including natural alkaloids which are difficult to obtain. The key
step of this process is acylation of the aromatic ring which must
contain electron-donating substituents (this is possibly the only
preparative restriction of this method). In the absence of such
substituents, competitive O-acylation prevails, which prevents the
formation of the target products 247.

RCO+X-

-HX

CIO4

256 R 257 R1

246
Me

o cior
Ph

-HX

The benzyl ketones 246 can be regarded as fixed
P,y-unsaturated ketones undergoing C-acylation at the y-posi-
tion.231'232 The reaction considered was discovered in 1966233

and was later extended to various heterocyclic ketones (248, 250,
252, 254, and 256). As a result, fused polyheterocyclic derivatives
such as the thienopyrylium salts 249,234 251,235 253, and 255,236 as
well as the indolopyrylium salts 257 237 were obtained. These salts
can be converted into the corresponding pyridine derivatives,
particularly, P-carbolines.237 The novel indolo-l,4-oxazinium
salts 259 were prepared by the acylation of l-phenacyl-3-
methylindole 258.238

The products 259 are interesting as precursors of
indolopyrazines used as phychotropic preparations and anti-
biotics.238

VIII. Electrophilic catalysis by acyl cations
While investigating the acid-catalysed reactions of carbonyl
compounds, it was observed long ago that the addition of
acetic anhydride to an acidic reaction medium can change the
direction of such processes. Thus, isomerisation of dienone
260 occurs by the usual mechanism involving the dienone-
phenol rearrangement with migration of the methyl group to
form the phenol 261, but the anomalous product 262 was
obtained in the presence of Ac2O.239>240 Protonation of the
<x,p-unsaturated ketone 263 gives the dihydrofurylium salt 264,241

while the addition of acetic anhydride leads to the pyrylium salt
265.242
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H2SO,

Me

HO 262

HCIO4

265

One of the three-component syntheses of pyrylium salts
presented above [see Eqns (20) and (21) and Scheme 22, pathway
b] involves the interaction of the methyl ketone 241 (the
C2-component) with the precursor of the acyl cation (the
Ci-component). According to the formation pattern of the
five-carbon chain of the ring, this synthetic method can be
represented as C2C2Ci.224>225 Other precursors of carboxonium
ions can be also employed as C2-components: aromatic aldehydes
266 (X = H, Y + Z = O, hydroxycarbocations), acetals 266 (X = H,
Y = Z = OAlk, alkoxycarbocations), orthoesters 266 (X = Y =
Z = OAlk, dialkoxycarbocations).224>225 However, these proc-
esses give symmetrical pyrylium salts 243 via the C2QC2
pathway.

C2QC2

Me |
2 1 + R 2 - C - Y
R'^^O I

z
241 266 C2C2C,

It was found that the reactions of the methyl ketones 241 with
analogues of the above Ci-components, e.g. cx-chloroalkyl
acylates 266 (X = H, Y = Cl, Z = OAc), chloromethyl methyl
ether 266 (R2 = X = H, Y = Cl, Z = OMe), as well as alkyl
a,oc-dichloromethyl ethers 266 (R2 = H, X = Y = Cl, Z = OAlk),
preferentially follow the C2C2Ci path.224 '225-243 This fact
evidently implies initial fast self-condensation of the methyl
ketone 241 to the a,P-unsaturated ketone 244 (Scheme 22). It
should be noted that reactions using these a-chloroethers and a-
chloroesters were carried out in AcOH. It was found that the
formation of unsymmetrical pyrylium salts 245 predominates
when acylium ions are present in the reaction mixture or
conditions for the generation of these ions in situ are created.243

Hence acyl cations are the factor that promotes the rapid self-
condensation of the methyl ketones 241 in accordance with the
assumed scheme.243

R2CO+
Me

241 267

267

R2CO+

- H 4

OCOR2

OCOR2
-R^OOH,
-R2CO+

245

244

If the O-acylation of the keto-component 241 is suppressed,
the reaction follows the C2QC2 path. Thus, the addition of ethyl
orthoformate (which irreversibly binds the acyl cations to
form the corresponding ester and to liberate diethoxycarbenium
ions) to the same mixture, 'acetophenone + acetic anhydride +
perchloric acid', leads to 2,6-diphenylpyrylium perchlorate (268)
in high yield.244

HCIO4

Ph

Me

Ac2O

HClO4,Ac2O

245

HC(OEt)3 Ph Ph
C1O7

268

As shown recently, the 1,5-dicarbonyl compounds 269
react with azomethines in AcOH to give the dihydroisoquinolines
270; this reaction does not occur either in acetonitrile or in
iV,Af-dimethylfonnamide.245

Although acyl cations do in fact participate in the conversions
of carbonyl compounds considered, they are included among the
end-products only provided that the process involves C-acylation.
In other words, here we deal with electrophilic catalysis by
acylium ions in reactions of carbonyl compounds with weak
nucleophiles; such catalysis involves the conversion of an
aldehyde or ketone into the highly reactive acyloxycarbenium
ions 267 (see Section V).

MeO.

PhN=CHPh

AcOH
-*-

269 R2

AcO"

270 R2

The most typical example of the application of catalysis by
acyl cations is the interaction between carbonyl compounds and
nitriles. The syntheses of 1,3-oxazine derivatives 272 from
aldehydes, nitriles and alkenes are usually carried out with a
mixture of sulfuric and acetic acids, although the role of the latter
in the reaction has not been clarified.246-248
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R'CHO + R2CN
H2SO4

AcOH

R1

HSO;
271

R3 R5

R2CN
R'CH(NHCOR2)2

273

In the absence of an alkane component, the A'-acyliminium
intermediates 271 combine with another nitrile molecule to give
the geminal bis-amides 273.249

These reactions are well-known in the aldehyde series;
however, attempts to extend them to ketones have failed until
recently.249- 25° This problem was solved using HCIO4 + AC2O as
the acylating mixture. The 1,3-diketones 274 readily react with
benzonitrile in the presence of this mixture to yield the little-
known 3-azapyrylium salts 275, the hydrolysis of which gives the
fi-acylaminovinyl ketones 276.251

Me

- A c O H

NHCOPh

276
R = Me, Ph.

Me

Under the same conditions, the alkyl aryl ketones 277 give the
3-azapyrylium salts 278, which are structurally isomeric with
compounds 275.252 These reactions do not occur in the absence of
acetic anhydride (when the nitrile is absent, the reaction follows
Schemes 21 and 22).

The large series of 3-azapyrylium salts 280 were obtained by
treating mixtures of benzonitrile and the ketones 277 with the
acylium salts 279.253

R1

R2
PhCN

277

R1 = H, Me; R2 = Ph, 4-MeC6H4.

R2^**C
+ PhCN + R3CO+SbClJ —*~

) R3"" "CT ^Ph
277 279 280 SbClJ

R1 = Me, Et, Bu', Ph; R2 = H, Me; R1 + R2 = -(CH2)4- ;

R3 = Me, Et.

The transformations of a series of aliphatic ketones under the
conditions of electrophilic catalysis by acyl cations were
described in Ref. 254. Pinacolone 281 (R = Me) combines
with benzonitrile in the presence of the HCIO4 + AC2O mixture
to furnish 1,3,5-oxadiazinium perchlorate 284, which is
decomposed on heating to form the A'-acyliminium intermediate
283. The latter, which is a heteroanalogue of 282, can isomerise to
the tertiary carbocation 285. This process is another variant of the
retropinacol rearrangement (see Section VI), which is the
reverse of the Tiffeneau and MacKenzie reactions254 (it should
be noted that the 2-oxazolines 286 are direct derivatives of
1,2-aminoalcohols). Pivalophenone 281 (R = Ph) behaves
similarly. Its transformations also occur in the presence of
AC2O, but the acyl fragment is not included in the product
structure (Scheme 23).

Scheme 23
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The structure of the products obtained from diisopropyl
ketone 287 and cyclohexanone 290 under the same conditions
suggest that the ./V-acyliminium ions 288 and 291 are formed as
intermediates.254 The hypothesis that the aldol condensation of
the ketone may initially occur has been disproved, for example, by
obtaining different products (294 and 295) from acetone and
diacetone alcohol254 (Scheme 24).

As shown by experiment and quantum-chemical calculations,
the interaction of carbonyl compounds with nitriles occurs by
different pathways depending on whether the process is catalysed
by protic acids or acylium ions.255"258 In the former case,
the nitrile component undergoes electrophilic activation
(protonation, pathway a, E = H). The nitrilium cation 296
formed attacks a molecule of the carbonyl compound. On the
other hand, in the presence of acylium ions, the carbonyl
component undergoes electrophilic activation (pathway b,
E = Ac). Both pathways lead to the TV-acyliminium ions 298
via the intermediates 297 and 299.

R3C=N
R'R2CO

297 E
R '- + /

— N
R2

298 O

> ° -?" R2

N==CR3

R3CN
1

I
N

299
R 'v_+_/R 3

>=N=<
1)2/ \

298

While pathway b is analogous to the Ritter reaction
(but fundamentally differs from it in a number of features 255> 2 5 7) ,
the interaction following pathway a was unknown until
recently. Only recently has it been found that the nitrilium
salts 296 (E = Alk) prepared beforehand (they are, inci-
dentally, heteroanalogues of acylium ions) readily react with
carbonyl compounds to give the ./V-acyliminium ions 298
(E = Alk). 259~261 Some aspects of the interaction of aldehydes
and ketones with nitriles were thoroughly discussed in a recent
review.262

Remarkable processes take place in the acylation of
compounds containing both a keto-group and a nitrile moiety
(e.g. compound 300).263-266

C O O E t Rco+ao4-t

o

300

OMe

MeO.

RCOO

NCOR

CIOJ

OEt

R = Me, Et.

Acylation of propiophenone or butyrophenone with pro-
pionic anhydride in benzonitrile leads to the 6-acylmethyl-
3-azapyrylium salts 301, which can be converted into derivatives
of the 1,3,5-triketones 302, which are difficult to synthesise, and
into the pyridones 303.267

OE
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RCH2COPh + (EtCO)2O
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M6V^OH
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302 303

Electrophilic catalysis by acylium ions was found to be the
most effective means for the transformation of the benzyl ketone
246 into a natural alkaloid of the isoquinoline series 304,268 as
well as for the cyclisation of the polysubstituted 1,5-diketones 305
to the pyrans 306.269 These reactions did not occur in the
presence of other acid catalysts.
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The examples presented above illustrate the wide scope of the
synthetic application of acyl cations as catalysts in condensations
and cylisations of carbonyl substrates. Moreover, going beyond
the limits of this review, it should be mentioned that the
applicability of the above reactions can be considerably extended
using derivatives of carbonyl compounds. Some of them, such as
acylals, a-haloalkyl acylates, enol acylates and acetals, have been
described in this review. Vinyl halides and ethynes also belong to
this series. For example, the reactions of acylium salts with tert-
butylethyne and the chloroalkenes R1 -CH=C(C1)R2 present one
more example of the retropinacol rearrangement.270-271 The same
rearrangement, i.e. conversion of ketones into vicinal chloroa-
mides, occurs via highly reactive chlorocarbenium ions in the
interaction of geminal dichlorohydrocarbons with nitriles.272

p,Y-Unsaturated chloroketones, allenic 1,5-diketones, and
4-chloropyrylium salts can be obtained by the acylation of
vinyl chlorides.271-273 Vinyl chlorides react with nitriles to give
pyrimidines in the presence of trifluoromethanesulfonic acid274

or 3-azapyrylium hexachloroantimonates in the presence of
acylium salts.253 Finally, pyrimidines and 3-azapyrylium salts

can be prepared by the interaction of vinyl chlorides with
nitrilium salts.275

Thus, the acid-catalysed acylation of carbonyl compounds is
not only an alternative to traditional methods using base catalysis
but is also a new approach to the activation of aldehydes and
ketones in reactions with various carbo- and hetero-nucleophiles.
Previously unknown reactions of carbonyl compounds,
rearrangements, and fundamentally new methods of synthesis
of valuable oxygen- and nitrogen-containing heterocyclic and
polyfunctional compounds have already been found in this
promising synthetic field.

The authors are grateful to the International Science
Foundation for financial support of this work (grant no. RV000).
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Abstract. The review surveys and gives a systematic account of the
data on the methods of synthesis and chemistry of dibenzo-
p-dioxins including their halogenated derivatives. The hazard
of these compounds to mammals is discussed. The bibliography
includes 219 references.

I. Introduction
Never before has the world community been so concerned about
the hazard caused by any class of chemicals as in the case of
dibenzo-p-dioxins. Year after year scientists from all over the world
have met at conferences in an attempt to assess the hazard due to
these substances generated during the industrialisation of human
society.

The first representatives of dibenzo-/?-dioxins were synthe-
sised late in the 19th century. However, over a long period they
remained known only to a narrow circle of researchers, until the
terrible consequences of the chemical warfare in Vietnam
(1961 -1971) and an accident in Seveso (Italy, 1976) demonstrated
to the whole world the potential danger inherent in these
compounds.

The above and some other events associated with the
discharge of halodibenzo-p-dioxins into the atmosphere have
stimulated research dealing with their properties. The develop-
ment of national ecological programmes in which dibenzo-
p-dioxins occupy an important place has begun in many
countries.

A large number of papers including reviews have been devoted
to dibenzo-p-dioxins. This comes as no surprise in view of the
hazard associated with some representatives of these compounds.
The surprising thing is that no surveys of the chemistry of
dibenzo-/>-dioxins have yet been published. The published
papers1"5 do not provide exhaustive information. We have,
therefore, ventured to fill this gap to some extent.

Since the danger coming from dibenzo-/>-dioxins is attributed
to their halogenated derivatives, these compounds receive
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particular attention in the literature. While preparing the present
review we also used our practical experience in working with these
substances.

The first mentions of dibenzo-/>-dioxins date back to 1872,
when Merz and Weith6 obtained octachlorodibenzo-p-dioxin
while heating potassium perchlorophenoxide at a high tempera-
ture and described its properties. In 1894, Zinke7 found that
octachlorodibenzo-p-dioxin is produced on heating many other
chlorinated compounds. The same was observed by Biltz8 in 1904
and again by Zinke9 in 1908.

The parent compound of this class, dibenzo-/?-dioxin, was
synthesised by Ullman and Stein10 in 1906. Later, various deriv-
atives of dibenzo-/>-dioxin were prepared by several workers11"19

and up to the 1970s many of them were regarded as promising
compounds for practical purposes. Attempts have been made to
develop dyes20"23 and medicinal preparations24"28 based on
these compounds. It has been suggested that some halogenated
dibenzo-/>-dioxins be used as fireproofing agents.26-29'30 The
possibility of developing promising polymeric materials based
on some dibenzo-/>-dioxin derivatives has been studied.31'32

In view of the events mentioned above, since the middle 1970s
the primary emphasis has shifted to the investigation of
polyhalogenated dibenzo-p-dioxins (PHDD) as potential ecotox-
icants. In 1972-1976, the main approaches to synthesis of these
compounds were developed. At present, all the possible poly-
chlorinated dibenzo-p-dioxins (PCDD) have been prepared in a
pure state; bromine-, fluorine-, and iodine-containing dibenzo-
/?-dioxins as well as compounds incorporating functional groups
(NO2 , CN, CH3 , CF3 , etc) have been synthesised.

II. Nomenclature and structure
The molecule of dibenzo-/?-dioxin 1 is a fused heterocyclic system
formed by two benzene rings and an inner six-membered
heterocycle incorporating two oxygen atoms. In conformity
with the IUPAC rules,33 the name of dibenzo-p-dioxin is based
on fusing 1,4-dioxin 2 with two benzene rings. {The names
dibenzo-l,4-dioxin and dibenzo[Z>,e]dioxin for 1 and para-dioxin
for 2 can also be found in the literature}.

0
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The molecule of dibenzo-p-dioxin is planar. The crystal and
molecular structures of compound 1 and some of its derivatives
have been discussed in a number of papers.34"41 The dipole
moment of compound 1 is zero or close to zero, and the
dipole moments of some alkyl- and halo-substituted dibenzo-
p-dioxins have been reported.42-43 The IR spectra of dibenzo-p-
dioxins exhibit characteristic absorption bands in the region of
1330-1280 cm""1,1'44-45 which are due to antisymmetric vibra-
tions of the C - O - C group. An exception is provided by
octahalo-derivatives, whose absorption in this region is weak.45

The :H NMR spectrum of dibenzo-p-dioxin is an AA'BB' system
centred at 6.89 ppm 46 The 2H NMR spectra of almost all the
halogenated dibenzo-p-dioxins have also been obtained.46"53 In
concentrated sulfuric acid in the presence of an oxidising agent,
dibenzo-p-dioxins produce a characteristic green-blue colour
(dioxin test), which is attributed to the formation of radical-
cations.54'55 The EPR spectra and the properties of these
radical-cations have been discussed in a number of papers.56"60

III. Methods for the formation of the tricyclic
system of dibenzo-p-dioxin
1. Self-condensation of diphenyl ethers
Among diphenyl ethers, o-phenoxyphenols, the so-called pre-
dioxins, are of practical interest for the preparative synthesis of
dibenzo-p-dioxins. Various dibenzo-p-dioxins can be prepared
from these compounds, their yields being frequently quantitative.61

3-10

Z = Y = OH (3), OMe (4), NH2 (S);

Z = OH, Y = H (6), NH2 (7), Br (8), Cl (9);

Z = OMe, Y = Cl (10).

The condensation is often carried out by heating the
corresponding ether (3 and 4) in hydrobromic acid in the presence
of phosphorus.10 Two functional groups in the ortho-positions are
not required for cyclisation to take place. For example, compound
1 can be formed on treatment of 2-hydroxyphenyl phenyl ether 6
with nitrobenzene or selenium.62 The diphenyl ethers 8-10
containing a hydroxy- (or methoxy-) group and a halogen atom
in the ortho-positions undergo condensation in the presence of
hydrogen chloride acceptors. The best results have been achieved
by using K2CO3 in an appropriate solvent.50-61'63 Electron-
donating groups facilitate condensation,64 as is the case with
tert-butyl in compound 11.

NC

Cl

The tricyclic dibenzo-p-dioxin system has also been obtained
by the diazotisation of the corresponding amines.62'65 For
example, compound 1 can be obtained from 2-aminophenyl
2-hydroxy-phenyl ether 7 or di(2,2'-aminophenyl) ether 5.

The closure of the ring in o-phenoxyphenols can also occur
under the action of UV irradiation in the presence of
sensitisers.66-67 In this case, 3,4,5,6-tetrachloro-2-(pentachloro-
phenoxy)phenol 12 is converted into octachlorodibenzo-
p-dioxin 66 (OCDD, 14). Cyclisation is supposed to occur via the
biradical-cation 13.

CV

Fairly pure specimens, suitable as reference materials, can be
obtained from diphenyl ethers. However, this method has not
found wide application owing to the low availability of the starting
compounds.

2. Condensation of halogenated phenols and other
hydroxy-compounds
Generally, condensation of halogenated phenols occurs according
to Scheme 1.

Scheme 1

HO'

(Br)Cl

2 b

KOH (K.2CO3)

R!
>R2=Hal,CN,NO2,Alk;

Y = Hal,NO2; n = 1-4.

The first representative of halogenated dibenzo-p-dioxins,
octachlorodibenzo-p-dioxin 14, was synthesised in this way by
heating potassium perchlorophenoxide to a high temperature.6

Octafluorodibenzo-p-dioxin 68 and some other PCDD have been
obtained in a similar way.69 Potassium salts are most frequently
used for the condensation of halogenated phenols. They are
prepared by the following general method. The corresponding
phenol is added to a methanol solution of potassium methoxide
or potassium hydroxide or to a methanol suspension of potassium
carbonate, and the solvent is evaporated. However, potassium
phenoxides are normally not isolated in a pure state. Instead, a
mixture of phenol and a 5 - 10-fold excess of the alkaline reagent
are refluxed in an appropriate solvent. The use of a calcium salt
has also been reported; compound 14 was obtained in 28% yield
by heating perchlorophenol in the presence of marble.70

Copper and its salts are used as condensation cata-
lysts.6' 45,68-70,71-73 ^ n e x a m p i e of using a palladium-copper
catalyst has been reported.74 However, pure copper is preferred.
For example, by heating o-bromophenol in the presence of the
Cu + Cu(OAc)2 system, compound 1 was obtained in 40% yield.71

When pure copper was used, the yield increased to 65%.71

The replacement of o-bromophenol by o-chloro- or o-iodophenol
does not result in an increase in the yield. In the latter case, it
amounted to 8%.71 Under similar conditions, o-chlorophenol
affords compound 1 in 25% yield. When polyhalogenated dibenzo-
p-dioxins are synthesised using copper without a solvent, the
yields usually do not exceed 20%45'70'72'73 The main side
reaction that decreases the yields of dibenzo-p-dioxins is
polyoligomerisation.63-72
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Cu,200°C

Pyrolytic condensation of potassium chlorophenoxides has
been used to prepare 22 isomers of tetrachlorodibenzo-p-dioxins.75

However, purification of the products obtained by this method
requires the combination of liquid and gas chromatography, which
seriously restricts the applicability of the method.

The condensation of phenols containing functional groups
is frequently accompanied by partial elimination of these
groups,76'77 and therefore this method is not used for preparing
functionally substituted dibenzo-p-dioxins. In some cases, the
abstraction of halogen atoms has also been observed.45-78-79 In
fact, whereas the condensation of potassium 2,6-dibromophen-
oxide in methanol yields 1,6-dibromodibenzo-p-dioxin45-78 15, the
condensation of the same salt in pyridine78 gives a mixture of
compounds 1 and 15.

KOH, MeOH, Cu

C5H5N, Cu
1 + 15

It is not strictly necessary to use salts of phenols. Some
workers 1>6~8'45-70-80'81 have shown that pyrolysis of per-
halogenated phenols and a number of oxo-compounds gives
the corresponding octahalodibenzo-p-dioxins. However, it should
be noted that this reaction occurs via a different mechanism.

Among other hydroxy-compounds, naphthols76'82 and
hydroxyquinolines83"85 can be involved in the condensation.
The properties of the resulting naphthalene and other analogues

NO2

MeONa

NO2

NO2

of dibenzo-p-dioxins have scarcely been studied. At the same time,
these compounds may be formed as minor products in the
production of dyes. For example, it has been found86 that in the
presence of tetranitromethane in an alkaline medium, amino-
naphthalenesulfonic acids are converted into the corresponding
salts of sulfodinaphtho[5,6-6,e]-l,4-dioxin 16. This reaction was
assumed to proceed via the oxidation of the CH and NH2 groups
in the 1- and 2-positions to COH and NHOH (NO) groups
followed by the condensation of two molecules.

SO3M)n

NH2

C(NO2)4,MOH

NHOH(NO)

3. Condensation of catecbols with halobenzenes
The method of condensation of catechols with halobenzenes46

suggested in 1972 is, perhaps, the most convenient way of prepar-
ing various dibenzo-p-dioxins including those incorporating
functional groups 47'87~91 (see Scheme 1, pathway b). This method
is preferred when a high-purity compound is needed. The
analytical standards for 22 tetrachlorodibenzo-p-dioxins,92-93

some pentachloro- and heptachlorodibenzo-p-dioxins,49-94 and
some other compounds, 7ft95~97 including mixed bromine- and
chlorine-containing dibenzo-p-dioxins,96 have been prepared by

Scheme 2

Cl
NO2

OH O2N
-c i -

NO2

NO2
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this procedure. Fluorine-containing dibenzo-/>-dioxins have
also been synthesised and suggested as internal standards for
gas-chromatographic and mass-spectrometric analyses of
PCDD.98-100

The condensation of catechols is carried out under mild
conditions by refluxing a mixture of reactants in a solvent. DMSO,
DMF, acetone, or, more rarely, alcohols are used as solvents in this
reaction. The yield of reaction products is fairly high and obviously
does not depend substantially on the nature of the halogen in the
halogenated benzene. In fact, the replacement of dichlorobenzene
by dibromobenzene in the condensation with catechol65'101 does
not result in a substantial increase in the yield of compound 1.
Good results have been obtained by Kunzevich et al.,102 who
carried out the condensation of the disodium salt of catechol with
various chlorine-containing benzenes in hexamethylphosphor-
amide. The yields of dibenzo-p-dioxins varied from 40% to 66%
depending on the chlorine-containing reagent used.

Better results are achieved when the catechol or benzene
molecule contains a strong electron-withdrawing group (or several
groups). This group generally acts as the leaving group, other
functional groups remaining unaffected.91 For example, the
condensation of catechol with picryl chloride (see Scheme 2)11

affords l,3-dinitrodibenzo-/>-dioxin (20a, 20b, X = H) in 85%
yield.11 Catechol reacts with 2,4-dinitrochlorobenzene103 just as
easily. It has been found that a nitro group in the lateral position is
replaced by a halogea Therefore, the condensation of 4,5-dichloro-
catechol with 2,5-dichloro-l,4-dinitrobenzene gives 2,3,7,8-tetra-
chlorodibenzo-/7-dioxin (TCDD, 21) in 90% yield.104

OH

OH

Cl

O2N.
KOH

NO2

Halogenated o-quinones also undergo condensation. For
example, in a study of the properties of tetrabromo(or chloro)-
o-quinones, it has been found105"107 that these compounds can
condense to give halogenated dibenzo-p-dioxin-2,3-quinones 22a.
Reduction of the latter gives the corresponding hydroxy-com-
pounds 21

In the presence of strong dehydrating reagents, for example,
P2O5, the condensation of catechol to compound 1 has been
observed,65 while in the presence of oxygen or sodium nitrite,
dibenzo-p-dioxin-23-quinone 22b is produced.105'108-109 The
reaction occurs via a radical mechanism involving the oxidation
of the dimer 24, formed from the radical in the first stage of the
process, to the quinone 25, which then undergoes rapid heterolytic
ring closure to give compounds 22b (Scheme 3).

O

0

OH

EtONa
(NaNO2,
AcOH)

[O]

OH

23a, b

X = Cl, Br (a), H (b).

0-,/7-Quinones105 ~107>'10 and cyclic triketones m also undergo
cyclisation.

4. The mechanism of the formation of the tricyclic
dibenzo-p-dioxin system
The condensation of halophenols and catechols (or their salts)
with halobenzenes is based on aromatic nucleophilic substitution.
This substitution must occur by an SN2AT mechanism112 (in other
sources,1B this mechanism has also been called SjyAr). We can
follow this mechanism in relation to the condensation of catechol
with 2,4,5-trinitrochlorobenzene103 (see Scheme 2).

The first stage of this process gives o-diphenoxyphenol
(predioxin, 17), whose subsequent cyclisation is intramolecular
and yields the Meisenheimer spiro-complex 18. The latter complex
is formed as an intermediate in the Smiles rearrangement,114 and
in the example under consideration103 it was isolated in a pure
state (X = H) as the sodium salt. The spiro-complex is then
converted to complex 19a,b, from which the dioxin ring is formed
(compounds 20a and 20b) after the abstraction of the NOJ group.
The presence of two isomers in the reaction mixture has been
accounted for63-73115 by the Smiles rearrangement. The fact
that some predioxins61-63 yield mixtures of isomers of dibenzo-
p-dioxins is also evidence in support of the rearrangement.61-63

The pyrolysis of phenols and other hydroxy-compounds
proceeds unlike the reactions of the salts, via a radical mechanism
(Scheme 4). In particular, some researchers 1.7,8,18, so have studied
the formation of octachloro- and octabromodibenzo-p-dioxins in
the pyrolysis of perhalophenols or a number of oxo-compounds,
for example, octachlorocyclohexenone 26 and found that these
reactions involve the formation of the pentachlorophenoxy
radical 27.

In all probability, the condensation of other phenols occurs
by the same mechanism. Octabromo- and 1,2,4,6,7,9-hexabromo-
3,8-dichlorodibenzo-p-dioxins have been obtained in this way, and
it was suggested that the method may find wide application.18

Scheme 3

o-

22b
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26

Scheme 4

14

27

Cl Cl

with this system occurs via a transition state with a fairly low
activation energy. In the case of compound 28, the stable
a-complex 29 is formed, whose existence is in all probability
caused by the presence of the CF3 group, which has a strong
inductive effect. Hydroxylation is the rate-determining step of this
process. The radical substitution of chlorine (or CF3) by the OH
group proceeds more slowly than the nucleophilic substitution by
a factor of approximately 3.

O H -

IV. Reactions of dibenzo-p-dioxins
The molecular structure of dibenzo-p-dioxin allows one to treat it
as a cyclic aromatic diether. Accordingly, dibenzo-/>-dioxins enter
into all the reactions characteristic of aromatic compounds,
namely, electrophilic and nucleophilic substitution in the benzene
rings, radical reactions, as well as reactions of functional groups.
Among the reactions typical of the heterocyclic nucleus, one
should note the relatively easy formation of the radical-cation and
reactions peculiar to it, and also reactions involving the cleavage of
the C - O - C linkage.

There are almost no papers devoted to the general reactivity of
dibenzo-p-dioxins, including their halo-derivatives. A comparative
analysis of the nucleophilic and radical substitution of the
functional groups in the aromatic systems of dibenzo-/>-dioxins
by the hydroxy-group has been carried out.116 In relation to
2-trifluoromethyl-3,7,8-trichlorodibenzo-/>-dioxin 28 and model
compounds (4,5-dichlorocatechol and 5-chloro-4-trifluoromethyl-
catechol), it has been shown that the reaction of the OH " anion

1. Electrophilic substitution reactions
a. Halogenation of dibenzo-p-dioxins
Direct halogenation of dibenzo-/?-dioxin occurs according to the
rules common to aromatic compounds. This process may be used
for preparing PCDD.

The presence of the heterocycle influences the order in which
the hydrogen atoms in the dibenzo-/>-dioxin molecule are
replaced. This is determined by the overall mesomeric and
inductive effects of the oxygen atom on the benzene ring.112-w

The mesomeric effect is illustrated by the resonance structures
30 and 31, which determine the occurrence of ortho- or para-
substitution with respect to the oxygen atoms in the dioxin ring.

Scheme 5

Cl2

21
Cl2

14

Cl
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However, the ortho-position is deactivated by the inductive
effect of oxygen to a larger extent than the para-position. Therefore,
the first stage of the halogenation of dibenzo-p-dioxin 1 yields
the isomer 32 (Scheme 5). The order in which subsequent
substitution occurs is an interesting theoretical problem. Due
to the deactivating influence of the first halogen atom, the second
substitution should occur in ring B. The most theoretically
probable substitution positions are 7 and 8 (compounds 33
and 34). When further halogenation is carried out, the hydrogen
atoms in the 3- and 7-(or 8-)positions, which are equivalent in
terms of the substitution order, are successively replaced by
the halogen. As a result, the highly toxic 2,3,7,8-tetrahalodibenzo-
p-dioxin 21 is formed. Further substitution involves the 1-position
(compound 36) and then the 6- or 9-position (compounds 37 and
38). The remaining free positions are equivalent in terms of the
substitution order, and exhaustive halogenation yields the weakly
toxic octahalodibenzo-p-dioxin 14. According to published data,
the toxicities of the remaining halogenated dibenzo-p-dioxins
are intermediate between those of 2,3,7,8-tetra- and octahalo-
substituted compounds.2-118

The chlorination of dibenzo-p-dioxin 1 proceeds to a greater
extent than the bromination. It has been shown 46'119 that chlorina-
tion yields a mixture of products with various degrees of substitu-
tion that are difficult to separate. Therefore, this method was46

considered to be unsuitable for the synthesis of individual
chlorinated dibenzo-p-dioxins. Bromination of dibenzo-p-dioxin
1 normally comes to a halt at the stage where 2,3,7,8-tetra-
bromodibenzo-p-dioxin is formed.102-120 Under certain condi-
tions, this compound can be obtained in a quantitative yield.102

It has been reported that chlorination in the second stage gives
mostly the 2,7-isomer, while in the case of bromination, the
2,8-isomer predominates;19-102 however, this conclusion is ques-
tionable. In fact, the yield of the 2,7-dichloro-isomer obtained by
the chlorination of dibenzo-p-dioxin 1 was only 3%. This fact
made it possible to suggest46 that the 2,8-dichloro-isomer is more
soluble and this is why it had not been isolated by the authors of
the previous paper.19 In any case, there are no serious reasons for
believing that chlorination in this stage differs from bromination.

The foregoing considerations are also valid for the halogen-
ation of dibenzo-p-dioxins in which the hydrogen atoms of one
ring have been completely replaced by chlorine:46 substitution
occurs in the 7- and 8-positions of the free ring. The presence of
other halogens in the molecule also does not change the order in
which substitution occurs. In the chlorination of 2,3-dibromo-
(39) and 2,3-difluoro- (40) derivatives, 2,3-dibromo-7,8-dichloro-
(42) and 2,3-difluoro-7,8-dichlorodibenzo-p-dioxins (43) have been
isolated.119 The nitro-group deactivates ring A to such an extent
that 2-nitrodibenzo-p-dioxin (41) is halogenated in the unsub-
stituted ring 5,121-122 yielding 7,8-dichloro-2-nitrodibenzo-p-dioxin
44.

Cl2

X = Y = Br (39,42), F (40,43); X = H, Y = NO2 (41,44).

Conversely, the amino group activates dibenzo-p-dioxin. For
example, bromination of amino- or acetamido-derivatives 45-48
occurs fairly readily121-123 and substitution involves the ring
containing the amino-group (Scheme 6, compounds 50-55).
Unlike bromination, the chlorination of the amino-derivatives 45
and 47 is accompanied by the resinification of the reaction
mixture.121 The corresponding acetyl-derivatives 46 and 48 are
susceptible to resinification to a lesser degree. For example,
the chlorination of 2-acetamido-7,8-dichlorodibenzo-p-dioxin 46
gave 2-acetamido-3,7,8-trichlorodibenzo-p-dioxin 49 in good
yield.121-123

Scheme 6
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X = Cl, R = H (45), Ac (46,49,50,53);

X = Br, R = H (47,51,55), Ac (48,52,54).

The influence of various catalysts on the process of
chlorination of dibenzo-p-dioxins has been described.122

The authors found that among the catalysts studied, namely
I2 , FeCl3 + 1 2 and 18-crown-6, the last named is the most active.
The chlorination pattern in all these cases is the same. In
particular, irrespective of the nature of the catalyst, the
chlorination of dibenzo-p-dioxin 1 affords a mixture of products
in which, in addition toTCDD 21,2,3,7-trichloro- (35) and 1,2,3,7,8-
pentachlorodibenzo-p-dioxins (36), have been detected.

It is likely that the presence of catalysts can result in more
extensive bromination. For example, the bromination of dibenzo-
p-dioxin in the presence of FeCl3 gave119 a mixture of compounds
containing, in addition to 2,3,7,8-tetrabromodioxin, the products of
its further bromination. Therefore, while brominating compound 1
by bromine in the presence of a catalyst, one should take into
account the possibility of the formation of polybrominated
compounds.

b. Nitration of dibenzo-p-dioxin and its derivatives
Dibenzo-p-dioxin 1 can be nitrated by conventional nitration
reagents such as nitric acid or nitric acid in concentrated sulfuric
acid.16-124"130 Depending on the reaction conditions, a series of
successive substitution products are formed, and the order in
which substitution occurs follows the rules which govern
halogenation. Owing to the strong deactivating effect of nitro-
groups, nitration proceeds only until 2,3,7,8-tetranitrodibenzo-
p-dioxin is formed.130

The influence of various substituents and various nitrating
agents on the nitration process has been studied.124-125-128-131-132 For
example, depending on the reaction conditions, the first sub-
stitution in the nitration of 1-acyldibenzo-p-dioxins128 (56 and 57)
may involve either the ring containing the fiinctional group or the
unsubstituted ring as well, as shown in Scheme 7. The ratio
between the isomers obtained and their quantity depends on the
nature of the substituent and the nitrating agent. When an excess of
the latter is used, 2-, 7-, or 8-nitro-derivatives (compounds 58 - 63)
are formed. However, in some cases, this order of nitration may be
violated. For example, when compound 57 is nitrated by the
NH4NO3 -(CF3CO)2O-THF mixture, substitution involves only
the ring containing the functional group and mostly the 4-position
of this ring (compound 64).129 Some instances where the acetyl
group is replaced by the nitro-group during nitration have also
been reported.125 Dibenzo-p-dioxins incorporating methyl or
methoxy groups are readily nitrated by nitric acid in either
sulfuric or acetic acid.124-131-132
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Scheme 7
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R = Me (56, 58, 60, 62), CF3 (57, 59, 61, 63, 64).

The nitration of halogen-containing dibenzo-/>-dioxins
presents certain difficulties associated with the deactivating effect
of the halogens. For example, it has been noted that 1,6-dibromo-
dibenzo-/>-dioxin 15 does not undergo nitration with nitric acid in
concentrated sulfuric acid.124 This task can be accomplished by
using fuming nitric acid in acetic acid at T = 70 °C;131 this
nitrating agent can also be used successfully in other cases, for
example, to nitrate mono- and dihalo-substituted dibenzo-
/>-dioxins.121> 123'13°-133 Good results have also been obtained in
the nitration by this mixture of polyhalogenated dibenzo-p-dioxins
containing halogens in one ring, in particular, of 1,2,3,4-
tetrachlorodibenzo-/>-dioxin.121-123-133 The nitro group goes to
the unsubstituted ring. 2,3,7-Trihalo-substituted derivatives are
also nitrated under these conditions to give the mono-substitution
product.133

Tetrahalo-derivatives are more stable. The most stable are
isomers with a lateral arrangement of the halogens. In particular,
TCDD 21 does not react with a mixture of nitric and acetic
acids128 and is destroyed on treatment with fuming nitric acid in
sulfuric acid.95 This behaviour can be explained, on the one hand,
by the low stability of the a-complex 65 arising in the course of the
reaction (which is due to the fact that the positive charge in this
complex cannot be delocalised owing to the electron pairs of the
oxygen atoms) and, on the other hand, by the decomposition of
the cj-complex 65 via pathway a to the radical-cation 66 and the
NO2 radical.134 Under these conditions, oxidation processes
leading to the destruction of the dioxin nucleus prevail. In the
case where complex 65 decomposes via pathway b, nitration
affording compound 67 takes place.133

Cl

In the nitration of 2,3,7,8-tetrachloro-derivative 21, satisfactory
results have been obtained135 by using nitronium tetrafiuoro-
borate in sulfolane at T= 125 °C This reaction yields a

disubstitution product. Compound 21 can also be nitrated by
an NH4NO3-(CF3CO)2O-MeNO2 mixture. In this case,
substitution involves the 1-position and gives compound 67
(yield l%-2%).137 The tetrahalo-derivatives in which the arrange-
ment of halogen atoms is other than lateral form the more stable
(T-complexes 68. Therefore, 1,3,6,8-tetrachloro- and 1,3,7,8-tetra-
chloro-dibenzo-/>-dioxins are readily nitrated by the NH4NO3 -
(CF3CO)2O-MeNO2 mixture.87-136

NO2

c. Acylation and alkylation of dibenzo-p-dioxin and its derivatives
Dibenzo-/?-dioxins are fairly smoothly acylated by acyl chlorides
in the presence of aluminium chloride (or bromide).15-22-27-125-129-
137-145 j n e r eaction is most frequently carried out in carbon
disulfide. The hydrogen atoms in the 2- and 7-positions are
substituted preferentially. If these positions are occupied, sub-
stitution involves the 3-position. For example, acylation of 2,7-
dihalodibenzo-/>-dioxins by acetyl chloride gives the correspond-
ing 2-acetyl-3,8-dihalodibenzo-p-dioxins.145 If the 1-position is
occupied by a substituent, the reaction may involve the 4- and
9-positions.142

The third halogen atom deactivates the nucleus to such an
extent that, for example, 2,3,7-trichlorodibenzo-/>-dioxin 35 cannot
be acylated by acetyl chloride even in the presence of aluminium
chloride.133 Compound 21 also does not undergo acylation. In the
case where the halogen atoms are located in one ring, the
unsubstituted ring is acylated. For example, by acylating
2,3-dichlorodibenzo-/;-dioxin 69 by acetyl chloride, one can obtain
2-acetyl-7,8-dichlorodibenzo-p-dioxin 70.133

The alkylation of dibenzo-p-dioxin 1 has been studied in
detail19 and has some peculiarities. In particular, it was found that
in the alkylation of compound 1 by isopropyl chloride, the second
substitution in the resulting 2-isopropyldibenzo-/>-dioxin involves
the 3-position, in contrast to halogenation, nitration, or acylation.
After that, the 7-position is substituted. Exhaustive alkylation is
not observed even when an excess of isopropyl chloride is
employed. Under these conditions, the authors cited isolated
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one of the possible hexaisopropyl derivatives. If there is steric
hindrance, for example if the alkylation is carried out with tert-
butyl chloride, only a disubstitution product is formed, the second
substitution involving the 7- or 8-position.

No examples of the alkylation of halogenated dibenzo-
p-dioxins have been reported. However, from general considera-
tions, it may be suggested that this process would be substantially
hampered owing to the deactivating effect of the halogens.

d. Sulfonation (sulfochlorination) of dibenzo-p-dioxin and its
derivatives
Sulfonation of dibenzo-p-dioxin 1 by sulfuric acid or oleum gives
the 2,7-disulfonic acid.146 When chlorosulfonic acid is used, the
2-chlorosulfonyl chloride is formed.32 Halodibenzo-p-dioxins are
sulfonated under similar conditions.133 For example, when the
sulfonation of 2,3,7-trichlorodibenzo-p-dioxin 35 is carried out
with oleum at room temperature, the hydrogen atom in a lateral
position is replaced by the sulfo group and the reaction yields the
sulfonic acid 71 (Scheme 8). Sulfochlorination of dioxin 35
gives133 2-chlorosulfonyl-3,7,8-trichlorodibenzo-p-dioxin 72; the
sulfone 73 is formed as a side product.

Scheme 8
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2. Reactions involving nudeophiles
Despite the fact that nucleophilic substitution plays a significant
role in the chemistry of dibenzo-p-dioxins, this problem has not
been adequately addressed in the literature. Methods based on the
nucleophilic substitution of hydroxy groups for chlorine atoms on
treatment with potassium hydroxide2-147 or potassium carbonate

C5H5N

and hydrogen peroxide148 have been suggested for the practical
removal of PCDD from the gas phase. It is believed that, among all
the chemical methods recommended for the detoxification of
PCDD-containing waste, the alkaline dehydrochlorination tech-
nology, applicable to both liquid and solid waste, is the most
promising.149 In addition, nucleophilic species are known to
participate directly or indirectly in many processes involving
PCDD and occurring in the environment and in the organs of
mammals.4-150 For example, it has been found that ring
hydroxylation is the dominant route in the metabolism of
chlorinated dibenzo-p-dioxins. ̂ 1 5 2 It was found that the metab-
olism of dioxin 21 involves hydroxylation in lateral positions
with migration of chlorine to the 1-position and gives 2-hydroxy-
1,3,7,8-tetrachlorodibenzo-p-dioxin151 74. l-Hydroxy-2,3,7,8-tetra-
chlorodibenzo-p-dioxin 75 and 2-hydroxy-3,7,8-trichlorodibenzo-
p-dioxin 76 are also metabolites of TCDD. Dibenzo-p-dioxins
chlorinated to lesser degrees are converted into 2- and 3-hydroxy-
derivatives.153 The metabolism in dogs and rats may involve the
cleavage of the dioxin nucleus to give bis(dichlorohydroxyphenyl)
ether151 and 4,5-dichlorocatechol.154

Cl

Cl

76

Dibenzo-p-dioxins are capable of forming radical cations
when treated with strong oxidising agents in combination with
photoirradiation.155-156 The radical-cations of functionally sub-
stituted dibenzo-p-dioxins are generated, for example, on treat-
ment with concentrated sulfuric acid in the presence of potassium
nitrate,56 nitric acid, potassium perchlorate, manganese dioxide,
hydrogen peroxide,58 or antimony pentachloride157 and also
during electrochemical oxidation.54-158~160 The chemical and
physical properties and the EPR spectra of the radical-cation
derived from compound 1 and a large number of its substituted
derivatives have been studied.57-58-157-161 -16« It was shown that the
dibenzo-p-dioxin radical-cation 77 (Scheme 9), stabilised by an
anion, possesses a certain stability. For example, stable acetonitrile
solutions of the tetrafluoroborate of the radical-cation 77 have
been obtained by treating compound 1 with NO+BFJ .167

Scheme 9
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In another study,158 the perchlorate of the radical-cation 77
was isolated and its reactivity was studied. The radical-cation
77 was found to react with pyridine giving Ar-(2-dibenzo-
/>-dioxinyl)pyridinium perchlorate 78. The nitrite anion reacts
with the radical-cation as a nucleophilic agent to form 2-nitro-
dibenzo-p-dioxin 41. The nitro compound 41 was also obtained
when the radical-cation 77 was treated with nitrate anions or with
tetranitromethane. In addition to the perchlorate of the radical-
cation 77 the dimer of dibenzo-p-dioxin 79 was isolated,158

however, its structure was not discussed. Taking into account
the melting point of the compound obtained, one may suggest that
it is 2,2'-bis(dibenzo-/>-dioxin), which was described previously.127

It has also been found54-159 that the perchlorate of the radical-
cation 77 in solution reacts with water to give dibenzo-p-dioxin-
2,3-quinone 22b.

Apart from the reaction products, the initial dibenzo-
p-dioxin 1 has been recovered in all cases. Reactions with
other nitrogen-containing nucleophiles (CH, NH3 , R N t y led
only to the recovery of compound 1. It is believed158 that, for
nucleophilic substitution to occur, a stronger nucleophile is
required.

3. Reactions of functional groups
Among the functionally substituted dibenzo-p-dioxins, the nitro-
and amino-derivatives are of prime interest and have been the
most thoroughly studied.47-128-136-168-170 These compounds are
more frequently encountered than is believed.168 They present a
severe hazard to mammals and are environmental pollutants.123

Aminodibenzo-p-dioxins have found application in the develop-
ment of a radio-immune method for the assay of PCDD.171'172

No data have been published that would make it possible to
speak of any influence of the dioxin nucleus on the reactivity of
nitro- and amino-derivatives. In some studies, the Sandmeyer
reaction has been used to prepare halogenated dibenzo-p-dioxins
from the corresponding ammo-derivatives.95-104-136-173 It was noted
that in some cases the reaction is complicated by a rearrangement
and consequently may give unexpected products, for example,
compound 80.104

NH2

Cl Cl

Nitro-derivatives can be reduced, and this reaction is the main
method of synthesis of amino-containing dibenzo-p-dioxins.
Various reducing reagents have been used,121-130'136'173"175 how-
ever, the highest yield was achieved in the case of tin dichloride.121

Aminodibenzo-p-dioxins are readily acylated,123 enter into the
Skraup reaction to form the corresponding quinoline deriva-
tives,176-177 and condense with quinones178 to give phenazines.
Hydroxy-derivatives are acylated in a similar way.179

Halogen-containing dibenzo-p-dioxins can condense,102-127

affording products with enlarged structures.

69 +

81

V. Toxic properties of compounds of the
dibenzo-/?-dioxin class

1. Toxic properties
It is believed, with good reason, that PCDD are products of
human technological activity.4180 The pathways to the formation

of PCDD are known and have been fairly extensively studied, but
the formation of functionally substituted dibenzo-p-dioxins still
remains unexplored. There are data showing that halogenated
nitro-derivatives of dibenzo-p-dioxins are formed on the fly ash
from incinerators via the nitration of the corresponding dibenzo-
p-dioxins by the nitrogen dioxide present in the exhaust gases.168

Although the potential hazard of functionally substituted dibenzo-
p-dioxins is quite considerable,87-123 they have scarcely been
studied.

The urgent need to study dibenzo-p-dioxin class compounds
arises primarily from the results of toxicological studies. A large
number of publications, including several detailed reviews, have
been devoted to this problem.2-181 ~183 Analysis of these and other
data makes it possible to make some generalisations concerning
the toxicology of compounds of this class.

Among dibenzo-p-dioxins and compounds with similar
structures—polychlorinated dibenzofurans, biphenyls, and naph-
thalenes— those substances in whose molecules all the lateral
positions are occupied by halogen atoms are the most toxic. It has
been found that TCDD 21 exhibits the highest toxicity toward the
most sensitive species (guinea pigs), while 2,3,7,8-tetrachloronaph-
thalene has the lowest toxicity. When the number of halogen atoms
in the ring decreases or increases, the toxicity diminishes
sharply.2-183 Completely halogenated compounds exhibit virtually
no toxicity, at least, under the conditions of an acute experiment.

The positions of the halogen atoms in the ring are significant
for biological activity. For example, symmetrical derivatives are as
a rule more toxic than their nonsymmetrical analogues.

TCDD possesses the highest biological activity among all the
classes of compounds under consideration. It comes as no surprise
that most of the published data are devoted to the toxicology of
this compound.

The high toxicity of TCDD for warm blooded animals is
combined with pronounced interspecific differences in sensitivity
to it.184 The coefficient of interspecific differences is as high as four
orders of magnitude.150-183-186 Another important feature of the
biological action of TCDD is the presence of clear-cut individual
intraspecific distinctions, which is indicated by the fact that the
slopes of 'dose - effect' plots are small, compared with those for
other xenobiotics.187 Interstrain differences in the sensitivity to
TCDD are fairly clear-cut (~250 for rats and - 2 0 for mice).183

The presence of paradoxical behaviour in the 'dose - effect'
relations should be regarded as significant evidence in support
of intraspecific polymorphism in the sensitivity to TCDD and its
analogues.188

Studies of the chronic action of small TCDD doses have
demonstrated the presence of pronounced supercumulative
effects,184-189-191 which is significant for the regulation of the
maximum permissible concentrations of this compound in the
environment.

The most general symptoms of the TCDD poisoning of
various types of warm blooded animals are liver enlargement,
thymus atrophy, progressive weight loss, and a clear-cut latent
period of up to 10—15 days after contact with the poison. Other
clinical manifestations are fairly polymorphic. In fact, in mice,
rats, and rabbits, apart from hepatomegaly, pronounced centro-
lobular necrosis of liver tissue, in some cases turning into
hepatargia, has been observed.183-189-192 The edematous syndrome,
accompanied by intense secretion of transudate in pericardial,
pleural, and abdominal cavities, is typical for chickens. In the case
of guinea pigs and monkeys (rhesus, macaque), the prevailing
symptoms are those indicating deep suppression of the immune
system. The data concerning symptoms of the effects of TCDD on
humans are less definite, because they have been obtained in
relation to accidental contacts with the xenobiotic or by examining
the personnel engaged in the production of 2,4,5-trichlorophenol
containing TCDD as an impurity.

Nevertheless, it has been reported192193 that the TCDD
intoxication in humans is manifested as skin changes
(chloracne), weight loss, high susceptibility to fatigue, muscle
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asthenia, insomnia, high irritability, decrease in libido, reduction
of sensory functions, tendency to hepatomegaly, decrease in the
concentration of serum lipids, increase in the prothrombin time,
and porphyria. In addition, there are data on more severe
pathologies: the people under examination suffered more fre-
quently from soft tissue sarcoma.191 This last fact is the reason why
studies dealing with remote consequences of the action of TCDD,
and, in particular, with mutagenic, carcinogenic, teratogenic, and
embryotoxic effects, are urgently required.

In 1972, a mutagenic effect of solutions of TCDD was observed
in bacterial test systems, and a mechanism of this phenomenon,
involving the intercalation of TCDD with the DNA helix, was
suggested.193 Somewhat earlier, Courtney and Moore,194 who
carried out experiments with various strains of mice and rats,
discovered embryotoxic and teratogenic effects of TCDD: the
cleaving of the hard palate and defects in kidney embryogenesis.
Discussions concerning the character of the carcinogenic effect of
TCDD still continue.195 The authors of another study196 are apt to
regard TCDD as a pronounced promoter of carcinogenesis, at
least in rodents. In conformity with their data, the tumour-
stimulating effect of PCDD is comparable with that of aflatoxin B[.
According to other data,197 at concentrations that can occur in an
organism, TCDD is neither a classical carcinogen nor a mutagen.
One may speak only of its promoting effect with respect to some
carcinogens, such as nitrosamines.

2. The mechanism of action
To explain the mechanism of the toxic action of TCDD, several
hypotheses have been put forward.

1. The toxic effect of TCDD arises through bonding to the
highly specific cytosol Ah-receptor. The complex is then trans-
located to the nucleus and expresses the DNA sections, responsible
for the synthesis of pools and the RNA initiating the synthesis
of cytochrome P-450 (or 448)-dependent monooxygenases.183'198

This hypothesis adequately explains the extraordinarily high
degrees of induction of microsomal monooxygenases.

2. TCDD exhibits a thyroxine-like action, which is indicated by
a number of hyperthyroid symptoms, enhancement of the
catabolism of lipids and biopolymers, weight loss, additivity of
the toxic effects of TCDD and thyroid hormones.183199

3. The toxic action of TCDD is due to the relative deficiency of
carotinoids.183'200 This hypothesis was based on the sharp decrease
in the concentration of carotinoids, in particular vitamin A, in the
liver of rats exposed to TCDD. This approach is supported by the
syndrome (skin changes, hyperkeratosis, lesion of the sclera and
the cornea, etc.) in laboratory animals poisoned by TCDD.

Among other attempts to explain the mechanism of the toxic
action of TCDD, the assumption that disturbance of the flavin
metabolism, in particular the metabolism of riboflavin, whose
structure is similar to that of TCDD, plays the key role in the
pathogenesis of TCDD intoxication deserves attention.201 The
above structural similarity accounts for the fairly successful use of
riboflavin preparations in the experimental therapy of TCDD
poisoning. It should be noted that none of these hypotheses
concerning the pathogenesis of TCDD toxification can explain
fully by itself the whole diversity of the clinical pattern of the
poisoning and especially the very pronounced inter- and intra-
specific differences in the sensitivity to this xenobiotic.

At the same time, there is the noteworthy possibility that all
the above approaches can be interpreted in terms of the
disturbance of the equilibrium between the pro- and antioxidant
systems in an organism. In fact, the hypothesis of the leading role
of the Ah-locus accounts for the activation of prooxidant
processes. Thyroid hormones also exert an indirect prooxidant
effect. Carotinoids as well as tocopherols are obligatory con-
stituents of the antioxidant protection of an organism.

We believe that all the above hypotheses could be accom-
modated within the framework of a unified theory of the
pathogenesis of the intoxication by polychlorinated polyaromatic
hydrocarbons, which would be based on the assessment of the

degree of prooxidant action and on the determination of the actual
balance between the pro- and antioxidant systems, especially since
the intensification of the peroxide oxidation of lipids and the
enhancement of the generation of active oxygen forms in an
organism under the influence of TCDD (i.e. the existence of
prooxidant action) are established facts.202 Such activity is
manifested by the characteristic features of the functioning of
pro- and antioxidant systems in various species.

VI. Formation and occurrence in nature
The causes of the formation of technogenic PHDD and the
pathways by which they arrive in the environment have been
studied quite extensively.4'180-181'185 However, dibenzo-p-dioxins of
natural origin have scarcely been studied. At the same time, the
presence of a large number of hydroxy-derivatives of benzene in
plants makes it possible to infer that the compounds under
consideration are not rarities.203 The oxidation of hydroxy-
compounds is most probably the main pathway to the formation
of the tricyclic dibenzo-p-dioxin system in plants. For example,
dibenzo-p-dioxin is known to be formed on oxidation of
p-benzoquinone,110 catechol,106'108 and certain pyrogallol deriva-
tives.109-204 It has been established205"208 that such oxidation can
occur in plants through the action of certain enzymes. In fact, an
enzyme that oxidises catechol to dibenzo-p-dioxin-2,3-quinone 208

with a high specificity has been isolated from an extract of Tecoma
starts leaves. In another study,207 this quinone was isolated in a
pure state after the oxidation of catechol by polyphenol oxidase,
and its structure was confirmed by an alternative synthesis.

In a study of keto-derivatives of inositol,111 it was found that the
acetylation of these compounds in the presence of an acid catalyst
yields completely hydroxylated dibenzo-p-dioxin. It was suggested
that dibenzo-p-dioxin derivatives may be synthesised via this route
in nature.

The discovery of the alkaloid trilobine and the determination
of its structure served as direct confirmation of the formation of
dibenzo-p-dioxin in nature. In 1924, Kondo and Nakasato studied
an extract from the roots of cocculus (Cocculus trilobus DQ and
isolated an alkaloid which was called trilobine.209 Eight years later,
Kondo and Tomita found that the trilobine structure is based on
the heterocyclic system of dibenzo-p-dioxin.210 In 1942, Tomita and
Tani211212 published the full formula of trilobine 82.

.N-Me

OMe
82

The alkaloid micranthine, isolated from the plant Daphnandra
micrantha,213 as well as the alkaloids tiliaresine, tiliacorine, and
tiliacorinine, obtained from the plant Tiliacora racemosa,21A~216

have structures similar to that of trilobine.

VII. Conclusion
The data presented in this review indicate that studies devoted to
dibenzo-p-dioxins are progressing vigorously. The methods of
synthesis of compounds of this class are being improved, and
insight is being gained into processes occurring in nature and in
the organs of animals involving halo-derivatives of dibenzo-
p-dioxins. However, the knowledge accumulated does not yet
make it possible to speak of an ultimate solution of the problem of
dioxin-like xenobiotics. Although the latter have mostly been
created by human activity, one should keep in mind that the
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dibenzo-p-dioxin structure has been invented by nature. From this
viewpoint, this class of compounds remains poorly investigated.
For this reason, humankind has probably been deprived of many
useful things, ranging from medicines to various materials.
However, in recent years some studies dealing with this problem
have been published. These were mostly attempts to develop new
medicines.217

Comprehensive investigation of halogenated dibenzo-p-
dioxins has been the dominant factor in the development of
the chemistry of dibenzo-p-dioxins. One significant property of
these compounds that has not yet received the due attention of
scientists is noteworthy, namely that, in some cases, it is expedient
to treat dibenzo-p-dioxin (and its halo-derivatives) as a crown
ether (dibenzo-6-crown-2). Some of the properties of PCDD,
including their toxic properties may be associated with the
ionophoric and complex-forming capacities of these compounds.
In any case, the toxicity of octabromodibenzo-18-crown-6 is
comparable with that of 2,3,7,8-tetrabromodibenzo-p-dioxin.102

In addition, TCDD exhibits a growth-stimulating activity with
respect to herbaceous plants, typical of crown ethers.218

The complex-forming capacity of dibenzeo-p-dioxins forms
the basis of a photometric determination of PCDD.219

Thus, the data considered in the present review indicate that
careful study of the properties of dibenzo-p-dioxins may lead to
new possibilities in the investigation of the physiological activity of
compounds of this sort.
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Abstract. Data on the synthesis of ferrocene derivatives
containing heterocyclic substituents linked directly to the
ferrocene system or separated from it by a chain of carbon
atoms are described systematically and surveyed. Data on the
biological activities and applications of these compounds are
presented. The bibliography includes 229 references.

I. Introduction
In 1951, Kealy and Pauson1 reported for the first time the
synthesis of ferrocene and in the same year the first organic
compound containing the ferrocenyl and heterocyclic groups was
obtained.2 Such compounds immediately attracted the attention
of many investigators and in subsequent years ferrocene
derivatives were synthesised in which there are various hetero-
cyclic substituents both linked directly to the ferrocene system
and separated from it by a chain of carbon atoms. The
considerable interest in heterylferrocene was aroused not
only by the unusual chemical behaviour of the ferrocene
system, which enters into electrophilic and radical substitution
reactions, but also by the unusual properties of the
heterocyclic residue due to the presence of the ferrocene
fragment. In addition, diverse biological activities of these
compounds were observed. It is also significant that heteryl-
ferrocenes have found extensive practical applications as
medicinal preparations, as components of nonsilver photo-
sensitive compositions and materials, as dyes, and also as
additives improving the most important characteristics of
rocket fuels and explosives.

The first review devoted to the synthesis of ferrocene
derivatives with heterocyclic groups appeared in 1971.3 It
presented an analysis of studies published up to the middle of
1971. The literature data on the synthesis of compounds
containing heterocyclic nuclei condensed with the ferrocene
system were surveyed in a later communication.4 The present
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author's previous review5 was fully devoted to the chemistry of
heterylferrocenes, but it dealt mainly with studies which had been
published up to 1972.

The present review gives a systematic account and surveys
data published after 1971. Earlier studies containing interesting
and important results which were not reflected in subsequent
publications are considered as an exception. The review includes
data on the synthesis of compounds containing the ferrocenyl
group linked directly to an atom of the heterocycle as well as
compounds in which the ferrocenyl and heterocyclic groups are
separated by a chain of carbon atoms. Compounds in which the
ferrocenyl system is condensed with the heterocyclic nucleus,
ferrocenophanes, as well as compounds containing the ferrocenyl
and heterocyclic groups separated by heterocycles or chains
incorporating heteroatoms are not considered. The review
presents data on the biological activities and applications of
heterylferrocenes.

Sections I I -VI present information about the synthesis of
compounds containing heterocyclic nuclei with three, four, five,
six, and more atoms. In each of these sections, the derivatives of
ferrocene containing nitrogen, oxygen, and sulfur atoms in the
heterocyclic nuclei are considered in succession. Next compounds
with heterocycles containing simultaneously nitrogen and oxy-
gen, nitrogen and sulfur, or oxygen and sulfur atoms are
described. At the end of each section, data are presented on
other heterocyclic systems. Each section deals at the beginning
with compounds in which the ferrocenyl group is linked directly
to an atom of the heterocycle and then with compounds
containing the ferrocenyl and heterocyclic groups separated
by a chain of carbon atoms. If the compound contains two
or more heterocyclic nuclei (condensed or noncondensed), then
its location in a particular section is determined by the
heterocyclic system closest to the ferrocenyl nucleus.

II. Compounds containing three-membered
heterocycles
When ferrocenyl azide is irradiated with UV light in cyclohexene,
the aziridine derivative 1 is formed in a low yield.6 The reaction
evidently proceeds via the intermediate generation of the
nitrene 2, which adds to the double bond of cyclohexene. It
has been noted that the aziridine 1 is formed both under nitrogen
and under oxygen atmospheres. Consequently the nitrene 2 exists
in the singlet state.6
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FcN3 *• FcN:
- N 2

,0 Fc—r-

2 1

Here and henceforth Fc = ferrocenyl (r|5-C5H4)Fe(r|5-C5H5).

When the aziridine derivatives 4 interact with the chloride of
ferrocenecarboxylic acid in the presence of triethylamine,
N-ferrocenoylaziridines 3 are obtained.7

R'

R,R ' = H, Me.

On N-acylation of the monosubstituted aziridine deriva-
tives 5 by the chlorides of ferrocenyl-substituted mono-
carboxylic and dicarboxylic acids 6 in the presence of
potassium carbonate at 10-30 °C, compounds 7 are produced
in 40%-90% yields.8'9

(CH2)n-COCl
K2CO3,

CH2Cl2orPhH

O

CH2)n-C-<L_R2

n = 0 - 3 ; R1 = H, COC1; R2 = H, Me, Et;

R3 = H, — C —

The tetrafluoroborates of the a-ferrocenylcarbonium ions 8
and trimethylferrocenylmethylammonium iodide have been used
recently for the N-alkylation of aziridine derivatives.10

R1
FcCHRBFJ,(8) _^ R

«- F c — C H — N ^ ~ ~
FcCH2NMe3I-

R = H, Me, Ph, Fc; R1 = H, Me, Et.

Compound 9, containing two epoxy-groups, has been
synthesised in 44% yield by the reaction of l,l'-dilithioferrocene
with epichlorohydrin at -40 °C.n

A novel method of synthesis of the epoxy-compounds 10
has been described.12 The authors believe that, in the reactions
of the carbonyl derivatives of ferrocene with dimethyl-
oxosulfonium methylide, the epoxides 11 are formed in the
first stage and are converted into the aldehydes 12 under the
reaction conditions. The latter react with a further molecule of
the methylide and are converted into compound 10.

F c — ^ + Me2SOCH2 —
R

T
—*• Fc—CH—CHO

12
R = H,Me.

Fc H

11

Fc-CH-A

10

A mechanism involving the lithiation of the methyl group
attached to the sulfur atom, the interaction of the aldehyde 14
with the lithio-derivative 15, the conversion of the reaction
product into the spiro-compound 16, and the rearrangement of
the latter to a new oxazoline derivative 17 and its cleavage to the
thiirane 13 has been put forward for the synthesis of ferro-
cenylthiirane 13 from formylferrocene 14 and 2-methylthio-4,4-
dimethyloxazoline.13-14

P—i
F c C H O ( 1 4 ) .

Fc—CH N-w

-Me

Li

16

Me

CHI
Fc— Fc-A

13

German investigators15 synthesised unusual heterocyclic
compounds containing ferrocenyl groups. Thus the reaction
of FcPCl2, FcPH2, and (Ph3P)2Pt(C2H4) in the presence of
diazabicycloundecene (DBU) resulted in the formation of
(diferrocenyldiphosphene)bis(triphenylphosphine)platinum(0)
18 in a quantitative yield.

DBU, THF

0 °C, 14 h
FcPCl2 + FcPH2 + (Ph3P)2Pt(C2H4)

F c P = = P F c

*" Pt

PI13P PPh3

18

Triferrocenyltriarsirane (19) has been synthesised in 66%
yield by the reduction of FcAsCh with lithium tetrahydroalu-
minate in boiling ether.15

3 FcAsCl2 + LiAlH4
Et2O FcAs-

refluxing, 3 h

sFc

As
Fc

19
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The latter was made to react with (Ph3P)2Pt(C2H4) at room
temperature, which led to compound 20 in 68% yield.

19 + (Ph3P)2Pt(C2H4)
THF

FcAs: =K, sFc

20 °C, 12 h / P t \

20

III. Compounds containing four-membered
heterocycles
Numerous derivatives of 4-ferrocenylazetidin-2-ones 21 have
been synthesised by the addition of chloroketene (synthesised
from chloroacetyl chloride) to ferrocenylmethylideneimines
22.16-20 Tjjg reactions were carried out in dioxane at
20-25 °C, the reaction time (ranging from several hours to
several days) depending on the structure of the initial inline 22.
The reaction products and their yields are listed in Table 1.

Fc—CH=NR

22

_ Fc

C1CH2-C

N—R1

o
Et3N, dioxane, or PhH

\ 20-25 °C
Cl

21

There are no literature data on the derivatives of ferrocene
containing four-membered heterocyclic rings with oxygen atoms
in the ring.

A series of 3-ferrocenylthiete derivatives have been syn-
thesised from acetylferrocene 23.21 Thus its treatment with
dimethylamine in the presence of TiCU leads to a-dimethyl-
aminovinylferrocene 24 (yield 89%), which affords the sulfone 25
(yield 46%) on treatment with methanesulfonyl chloride in the
presence of triethylamine. The sulfone may be reduced to the
thietane 26 (yield 78%) and also deaminated by treatment with
H2O2 in an acid medium to 3-ferrocenyl-2i/-thiete dioxide 27
(yield 34%). Compound 26 was converted in two stages into
3-ferrocenylthiete 28 (yield 36%).21

FcCOMe + Me2NH

23

TiCl4,PhH,N2

0°C

CH2
M MeSO2Cl, Et3N

\ PhH, 0 °C
NMe?24

H2O2,MeCOOH,
(MeCO)2O

NMe2

Fc—I—I

•—SO2

25

Fc—T=i

LiAlH4, Et2O

0°C

SO2

27

NMe2

Fc—I—,

26

28

On heating ferrocenyldichlorophosphine with lithium tetra-
hydroaluminate in ether, tetraferrocenyltetraphosphetane 29 is
formed in 11% yield.15

4 FcPCl2
LiAlH4,
refluxing, 1 h

cN Fc

n

IV. Compounds containing five-membered
heterocycles

3-Ferrocenylpyrrole is formed in 21% yield on reduction of the
dinitrile of 2-ferrocenylsuccinic acid 30 with diisobutylaluminium
hydride (DIBALH) and subsequent hydrolysis.22

NC—CH—CH2CN

Fc

30

1. DIBALH
2. H2O

H

In the presence of sodium hydride, methyl 3-ferrocenyl-
acrylate reacts with the isonitrile 31, affording 3-ferrocenyl-
4-methoxycarbonylpyrrole.23

Fc-CH=CH-COOMe + 4-MeC6H4NC D M S O ~ E t 2 ° ' N a H >
31

Fc- -COOMe

H
(55%)

The cyclocondensation of the oximes of the acylferrocenes 32
with ethyne on treatment with alkali leads to the pyrrole
derivatives 33.24 It has been noted that, when the reaction is
carried out in a microwave oven, the yield of the reaction
products increases appreciably.

Fc—C—'

N—OH

32

KOH-DMSO R X 1
N
H

33

Ferrocene derivatives containing a phthalimide residue have
been synthesised by heating the halo-derivatives 34 with copper
phthalimide.25-27

Yield (%)

Br

Cl
Br

Br

^Mn
OC' I "CO

CO

^Mn
OC I "CO

CO

Ph
Br

Br

H

29

37

49
8.5

47

73

35
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Table

R

1. The initial imines 22 and the 4-ferrocenylazetidin-2-one

R1

derivatives 21.

Yield of AM. \ /0)

M-G A Shvekhgeimer

Ref.

2-Py

FcCH = N -

H2NCONH-

H2NCSNH-

2-Py

Fc—i— N —

Cl—I—L
0

H2NCONH-

-SO2

SO2-

= C H - F c

- N = C H F c

Ph

-Fc

vf-COMe

Ph

O2N

O2N

=CH—Fc

O2N

O2N

12

10

22

18

14

15

50

70

32

100

16

16

16

16

16

16

17

17

18

18

O

/f\ °

40 19

R2—<5, >-NHCC R 2 70 20

(R2 = H, Cl) (R2 = H, Cl)
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In the presence of an alcoholic solution of NaOH, the
aldehyde 14 condenses with 2-acetyl-l-methylpyrrole, while the
ketone 23 condenses with 2-formyl-l-methylpyrrole to form the
corresponding chalcones 35 and 36.28

14 + Me

O

N

Me

NaOH, EtOH
20 °C, 18h Fc

O Me

35,48%

23 + H.

O

N

Me

NaOH, EtOHt

20 X, 14 h
Fc

O

N

Me

36, 40%

The alcohol 37 has been synthesised from the bromo-
derivative 38 and FcCHO 14.29

(CH2)5Br CH2)5MgBr
14

SiMe3

(CH2)s—CH—Fc

OH

37

The synthesis of 7V-(2-ferrocenylethyl)pyrrole from
2-hydroxyethylferrocenyl toluene-p-sulfonate and potassium
pyrrolide has been described.30

Two procedures have been proposed for the synthesis of
JV-ferrocenylmethylpyrrolidine: the interaction of ferrocenyl-
methyl(trimethyl)ammonium iodide with pyrrolidine in the
presence of aqueous sodium hydroxide31-32 and condensation
of ferrocene with formaldehyde and pyrrolidine (yield 50%).33

Unusual compounds have been obtained by the reactions of
complex 39 with unsaturated compounds.34 The interaction with
fumaric acid ester affords the tetraester 40 (solvent-pyridine,
refluxing for 2.5 h, yield 44%), while the reaction with 1,1-
diphenylethene gives rise to the derivative 41 (inert atmosphere,
in the dark, heating up to 136 °C for 3.5 h, yield 7%).

-CH-NQ

Cn:r(CO)5

39

Ph

MeOOC—CH—CHS

MeOOC—C

MeOOC—CH

40

CH2CHPh2

H C — C — N

Ph2C Fc

41

The group Y in compound 42 is substituted on treatment with
pyrrolidine or its derivatives (refluxing in methanol for 5 - 8 h or
maintenance in acetonitrile at 20 °C for 12 h); the yields of the
products 43 are 55%-88%.35 '36

P(X)Ph2

-CH(Me)Y

HNQ

P(X)Ph2

43

X R1

NMe2

OAc
OAc
OAc
OAc

H
H
H
PPh2

H

O NMe2 H H
CH2NMe2

Me
H
H

The reaction of 3,4-dimethylpyrroline-2-one with FcCHO
results in the formation of the product 44 of the kinetically
controlled addition almost exclusively in the form of the
(Z)-isomer.37

H

Me R-
NaOH, MeOHt

O *" N
H

R-

Me
14

O

Fc HC

o-

R-

Me

O

f
Fc

-Me

R = H, Me.

N
H

44

If 3-methylpyrrolin-2-one is made to react with the aldehyde 14,
then the product 44 (R=H) is formed as a 1:1 mixture of the (Z)-
and (£)-isomers.38

In the synthesis of the amide 45, the reaction of FcCHO with
the arsonium salt 46 was carried out in the presence of potassium
carbonate in aqueous tetrahydrofuran (THF).39

14
', H2O

Br- O
46

Fc—CH=CH—C—N J

45

In the presence of ZnCb, the aldehyde 14 reacts with two
molecules of indole, producing the ferrocene derivative 47.40
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14 + 2 ZnCl2 FcCH

47

When the ferrocenyl carbinols 48 are treated with strong
acids, highly reactive a-carbonium ions are formed. However,
when strong acids are employed, the reaction is complicated by
oxidation- reduction processes due to the presence of the
ferrocene fragment in the substrate. In order to suppress these
processes, the reaction is carried out in the CH2CI2-H2O two-
phase system and the KU-2 cation-exchange resin is employed
instead of strong acids.41"45 The [Fc-CHR]+ cations readily
react with nitrogen heterocycles, affording the ferrocene deriv-
atives 49 in 60% -80% yields.

Fc—CH—OH

R

48

HX,CH2Cl2-H2O
and CH2C12- KU-2

Fc—CH + x -
R'H

Fc—CH—R1

R

49

R = H, Me, Ph, FcCH=CH; R1 = —

X = BF4, CIO4 . H

Refluxing of an alcoholic solution of FcCOMe 23 and isatin
50 in the presence of diethylamine for 1 h and subsequent
standing at room temperature for several days led to the synthesis
of compound 51 in 93% yield.46

23 +

The naphthopyrrole derivatives 52 have been obtained in
80%-85% yields by heating the dibromo-derivative 53 with
2-aminonaphthaline.47

A f
F c ^ X H — C H — A r +

Br

NH2
100 °C, 10 min

53

Fc

52

Ar = Ph, 4-ClC6H4, 3-O2NC6H4, 4-O2NC6H4 .

The dyes 54 and 55, containing the ferrocenyl group, are
formed as a result of the condensation of the perchlorate 56 with
the immonium salts 57 and 58.48

Me

F c CIO; (57)

DMF
100 °C, 15 min

Fc Cl -

Et2NH, EtOH
refluxing, 2 h

(58)

Me

Me—I ( T ^
Me

Me—J r T ^

HC=CH

Cl—C
T Me CIO4

Fc
54

HN—C

Ph Fc
55

The ferrocenium cation, arising on interaction of ferrocene
with concentrated sulfuric acid, reacts with diazotised 5-amino-
2,3,3-trimethylindolenine, which results in the formation of
5-ferrocenyl-2,3,3-trimethylindolenine in 23% yield.49

FcH+- +

N2C1-
5-8 °C,0.5h

Me

The 1,3-dienes 59, containing a ferrocenyl substituent, are
capable of undergoing the diene synthesis reaction with
JV-substituted maleic acid imides 60.50'51 A mixture of the
endo- and exo-isomers is formed as a rule and the endo-isomer
has been obtained exclusively only in the case of the diene 59
(R = Me, R1 = H).

O

R

H

H

Me

H

R1 be "

exo

R1

H

H

H

Me

Fc R

endo

R1

Ph

PI1CH2

Ph

Ph
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Schmidt et al.52 synthesised wjejo-tetrakis(4-ferrocenyl-
phenyl)porphyrin by condensing 4-ferrocenylbenzaldehyde
with pyrrole.

4 Fc- -CHO + 4 II J
NT
H

The direct conversion of ferrocene into a heteryl derivative
has been achieved by treating ferrocenium hexafluorophosphate
with the sodium derivatives of pyrazole or 3,5-dimethyl-
pyrazole.53 1-Ferrocenylpyrazole and l-ferrocenyl-3,5-di-
methylpyrazole were synthesised. The following process
mechanism has been put forward:

FcH +
N

N'

Fc

R

N + H' .

3-Chloro-3-ferrocenylacrylic aldehyde 61 and 3-chloro-3-
ferrocenylacrylonitrile 62 are convenient starting compounds
for the synthesis of ferrocenylpyrazoles. Thus the condensation of
the aldehyde 61 with hydrazine hydrate or phenylhydrazine
hydrochloride leads to the formation of 5-ferrocenylpyrazole and
5-ferrocenyl-l-phenylpyrazole respectively.54

R

H
Ph

Fc

HX

H2O
HC1

-CH—CHO

61

— -

Yield (%)

18
41

+RNHNH 2 HX 8 ( r c 3 _ 7 h

1 IIA .N
Fc N ^

R

If the nitrile 62 is introduced into the reaction with hydrazine
hydrate, then the product is 3-amino-5-ferrocenylpyrazole (yield
68%).

The reactions of acetoacetylferrocene 63 with hydrazine
and its derivatives may lead to the formation of the two
isomeric pyrazoles 64 and 65. However, only the isomers 64
have been isolated from the reaction mixture.55 The author
explained this by the smaller steric hindrance in the cyclisation
stage.

RNHNH2
F c "

RHN—N

\ ^
63

0

Me

EtOH 60 °C, 8h

O N NHR

Fc Me

Me Fc

R
Yield (%)

64

H
81

R

65

Me
30

Ph
70 21

CONH2

90

A similar situation is observed in the condensation of the
tetraketone 66 with hydrazine and its derivatives. Out of the three
possible regioisomers, only the isomer 67 is formed. Together
with steric factors, the stability of the corresponding intermediate
hydrazones apparently plays a no less important role.55

O O

Me

Fe + RNHNH2 •

Me

O O

66a,b

Compound

R

67a,b

•Me

•Me

Yield (%)

H
CONH2

60

l-Benzoyl-r-(5-trifluoromethylpyrazol-3-yl)ferrocene has
been synthesised by condensing l-benzoyl-l'-(4,4,4-trifluoro-3-
oxobutanoyl)ferrocene with hydrazine.56

An unusual method of synthesis of 3-ferrocenylpyrazol has
been described.57 Acetylferrocene 23 was treated with ethyl
formate in the presence of sodium ethoxide in toluene, after
which the reaction mixture was treated initially with hydrazine
hydrochloride in water and then with hydrazine hydrate in
methanol. The yield of 3-ferrocenylpyrazole reached 61%.

a,y-Diketoacids of the ferrocene series and their esters have
been used successfully as the starting compounds in the synthesis
of ferrocenylpyrazoles. Thus condensation of the diester 68 with
hydrazine (in the presence of acetic acid) or with phenylhydrazine
afforded the corresponding pyrazole-containing diesters 69 (the
yields of compound 69a and 69b were 56% and 52% respec-
tively).58 It was shown in the same study that the dihydrazide 71 is
formed in 76.5% yield after brief refluxing of the dicarboxylic acid
70 with an excess of hydrazine.
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O O

R N H N H 2 E ' O H ' A c
n ° " »

refluxing, 0.5 h

j L •COOEt

COOEt

69a, b

R = H (a), Ph (b)

Derivatives of ferrocenylpyrazolones 75 are formed when the
esters of the ketoacids 76 interact with hydrazine or phenyl-
hydrazine in the presence of acetic acid.60

R.R1 = H, Me; R2 = H,Ph.

The most general method of synthesis of ferrocenyl-
pyrazolines involves the reaction of the vinyl ketones
FcCR=CR1-COR2 or FcCO-CH=CHR with hydrazine or
its derivatives. As a rule, ferrocenylpyrazolines with a hydrogen
atom at the N(l) atom are unstable and are therefore converted
into the 7V-acetyl derivatives. For example, when the pyrazoline
derivatives 77, obtained from the vinyl ketones 78 and
hydrazine, were treated with acetic anhydride, the ./V-acetyl
derivatives 79 were isolated in 72% -75% yields.61

R R1 O
Fc—1=!—^ + H2NNH2

Fc

78

R, R1 = H, Me.

Depending on the reaction conditions, either 3-ethoxy-
carbonyl-5-ferrocenylpyrazole 73 or the hydrazide of 5-ferro-
cenylpyrazole-3-carboxylic acid 74 may be obtained from the
ethyl esters of a-hydroxy- or a-amino-|3-ferrocenoylacrylic acids
72 and hydrazine.59

O
+ H2NNH2

COOEt

72
-COOEt

EtOH, AcOH > Fc NT
refluxing, 1 h H

73 (90%)

EtOH, H2O

20 °C, 24 h
(R = NH2)

Fc

-CONHNH2

H

74 (69.5%)

R = NH2, OH, NHMe, NHEt, NHPr\ NHPh, NHC6H4Cl-m,
NHC6H4OMe-o.

It is of interest that the reaction of p-ferrocenoyl-a-hydroxy-
acrylic acid with semicarbazide in the presence of sodium acetate
and sodium bicarbonate afforded 5-ferrocenylpyrazole-3-car-
boxylic acid.59 Consequently semicarbazide serves as a source
of hydrazine under these conditions.

The reactions of the vinylketones 80 with hydrazine and its
derivatives have been investigated in a series of studies;62"67 the
pyrazoline derivatives 81 (Scheme 1) were obtained in 60%-95%
yields. When the reaction was carried out in the presence of acetic
acid, the reaction products were the JV-acetyl derivatives. For
R1 = Ph, the reaction was carried out in the presence of
piperidine.

The pyrazoline derivatives 82 with a different disposition of
the substituents have been synthesised by the cyclocondensation
of the vinyl ketones 83 with hydrazine and its deriva-
tives;47-62-64-65 the yields were 60%-95% (Scheme 2).

The behaviour of polyene ketones in their reactions with
hydrazine and its derivatives has been studied in fair detail. The
ketones 84, containing two or three conjugated double bonds,
react regiospecifically with phenylhydrazine in the presence of
piperidine, affording the pyrazoline derivatives 85 in 86%-91%
yields.68

Ph—(CH=CH)n—C + PhNHNH2

EtOH,HN \

refluxing, 3 h

84 Fc

Ph—(CH=CH)n_i K

Ph

Fc

85
2,3.
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o
Fc—CH=CH—^ +

80

R

Me
Me
Et
Et
Ph
Ph
Ph
C6H4Et-4
C6H4Et-4
Ph
C6H4Ph-4
C6H4Br-4
C6H4Cl-4
C6H4OMe-4
C6H4Me-4
C6H4Et-4
Ph
C6H4Ph-4
C6H4Br-4
C6H4Cl-4
C6H4OMe-4
C6H4Me-4
C6H4Et-4
(r|5-C5H4)Mn(CO)3

Fc
Fc
(T|5-C5H4)Mn(CO)3

C6H4OMe-4
C6H4OMe-4
C6H4Br-4
Ph

rnjliTJiT E t O H ( A c O H ) , r
R>NHNH2 r e f l u x i n g 3 _ 1 2 h F c ^

R1

H
Ph
H
Ph
H
H
Ph
H
Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
H
H
Ph
Ph
H
Ph
Ph
Fc

R2

Ac
Ph
Ac
Ph
Ac
H
Ph
Ac
Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2Ph
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
SO2C6H4NHAc-4
H
H
Ph
H
H
Ph
Ph
Fc

Scheme 1

R 2 81

Ref.

62
62
62
62
62
65
62,65
62
62
63
63
63
63

63
63
63
63
63
63
63
63
63

63
64
64,65
64,65
64
65
65
65
65

O
R - C H - C H — ^ +

Pr
83

R

Ph
C6H4OH-4
Ph
C6H4OH-4
(Ti5-C5H4)Mn(CO)3

(Tl5-C5H4)Mn(CO)3

C6H4OMe-4
C6H4Br-4
C6H4Br-4
Ph
Ph
Ph
C6H4Cl-4
C6H4NO2-3
C6H4NO2-4
C6H4Me-4
C6H4Fc-4

C6H4Cl-4
C6H4NO2-3
C6H4NO2-4
C6H4Me-4
C6H4Fc-4

_/=\_JT\
\_y s

K INriJNri2 2 •refluxing

R1

H
H
Ph
Ph
H
Ph
H
H
Ph
Fc
H
H
H
H
H
H
H

H

Ph
Ph
Ph
Ph
Ph

Ph

Q
II

R2

Ac
Ac
Ph
Ph
H
Ph
H
H
Ph
Fc
H
Ac
Ac
Ac
Ac
Ac
Ac

Ac

Ph
Ph
Ph
Ph
Ph

Ph

Scheme 2

I T C
1

| 2 82

Ref.

62
62

47,62,65
62
64
64
65
65
65
65
65
47
47
47
47
47
47

47

47
47
47
47
47

47

H

Ph

Ph

Ac

Ph

Ph

66

66

67

Ph'
+ RNHNH2

Fc
86

EtOH.HN \

refluxing, 3 — 5 h

I—irCH=CH—Fc

Ph

R = H, Ph

| n— CH=CH—Ph

c ^ l s K

87

67 In the case of the ketone 89, the addition of hydrazine takes
place regiospecifically,68 whereupon the pyrazoline 90 is formed.
Apart from the electronic factors quoted above, the proximity of
the carbonyl group and the Fc fragment apparently plays a role.

The addition of RNHNH2 (R = H, Ph) to the divinyl
ketone derivative 86 leads to a mixture of the isomeric
pyrazolines 87 and 88.68 The regioselectivity of the reaction in
favour of the formation of compound 88 has been noted and
has been explained by the greater electron-donating capacity
of the ferrocenyl substituent compared with the phenyl
substituent.

CH=CH—Fc

'(CH=CH)2—Ph

89

E t O H . H N \
+ PhNHNH2 —r——, V ~{refluxing, 3 - 5 h

CH=CH)2—Ph

90 (92%)
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The ferrocenylmethylidene-substituted cyclic ketones 91 are
converted into the bicyclic compounds 92 on condensation with
hydrazine or its derivatives.

— F c

1 (CH2)n

91

RNHNH2 -

N N — R

Fc—CH^ Jl^ X H — F c

CH2)n

R = H, 2,4-(O2N)2C6H3; n = 1, 2.
92

The ferrocene derivatives 93 with two condensed pyrazoline
rings have been synthesised by the reaction of the ferrocenyl-
methylidenepyrazolones 94 with hydrazine or phenylhydrazine
(in the presence of piperidine) in alcohol (10 h) or dioxane (3 h),
the product yield amounting to 50%-70%.17'69

I = C H F c EtOH or
+ R2NHNH2

 t U H ° r
refluxing, 3 -10h

94
F c

R1

93

Me
Me
Me
Me
FcCH = N -

Ph
2,4-(O2N)2C6H3

Ph
2,4-(O2N)2C6H3

Ph

H
H
Ph
Ph
Ph

A series of pyrazoline derivatives 95 have been synthesised by
the cycloaddition of the vinyl ketones 96 to diazomethane.63

+ CH2N2

Fc— C H = C H

96

R = H, Cl, Br, Me, Et, OMe, Ph.

Two methods of synthesis of pyrazolone derivatives contain-
ing the ferrocenyl group in the side chain have been described: by
the condensation of formylferrocene 14 with 3-methyl-l-phenyl-
pyrazol-5-one or by the addition of the latter to the double bond
of the vinyl ketones 97.69

14

Ph

Me- CH—Fc

Ph
FcCH=CH-COR

(97)
O

Me-

When the aldehyde 14 is heated with the salt 98 in alcohol in
the presence of piperidine, the monomethinecyanine 99 is formed
in 50% yield.70

EtOH,HN
+ 14

j _ refluxing, 15 h
—Et

NO2

r=CH—Fc

NO2
99

The cyanine dyes 100 have been synthesised by condensing
the pyrazolone derivatives 94 with l-ethyl-2-methylquinolinium
iodide 101 in the presence of piperidine.17-69

R- P=CH—Fc
EtOH

R1

94

R = Me, R1 = Ph,2,4-(O2N)2C6H3; R = F c C H = N - , R1 = Ph.

An analogue of the salt 100 (R = Me, R1 = Ph), with a pyridine
instead of a quinoline ring, has been obtained by the same
procedure.69

Compounds 100 are also formed as a result of the
condensation of the salts 102 with FcCHO.69

+ 14 100

R1

102

R = Me; R1 = Ph, 2,4-(O2N)2C6H3 •

The ferrocenylmethyl group can also be introduced into the
9-position in the purine nucleus in two ways: as a result of the
alkylation of 6-X-purines (X = NH2 , Cl) by ferrocenylmethyl-
(trimethyl)ammonium iodide or aminomethylferrocene.71

Ph

R = 4-MeC6H4,4-C1C6H4, 4-BrC6H4, 4-MeOC6H4, 4-PhCsH4.
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r
|| + FcCH2R'

i
H

CH2Fc

Conditions Yield (%)

NH2 N + M e 3 I " NH2 H2O, refluxing, 6 h 47
Cl NH2 NHCH2Fc MeOCH2CH2OH, 21

refluxing, 3 h

iV-Ferrocenylimidazole has been synthesised by treating the
sodio-derivative of the imidazole with ferrocenium hexafluoro-
phosphate.53

2-Ferrocenylimidazole and its derivatives 103 are formed in
15%-50% yields as a result of the condensation of FcCHO 14
with the a-hydroxycarbonyl compounds 104 and ammonia in the
presence of copper acetate.72

HO O

R R1

104

NH 3 (H2O)
(AcO)2Cu
70 °C,3 h

103

R = H: R' = H.Me.Ph;
R = Me: R1 = Me, Ph;
R = R1 = Ph; R + R1 (CH 2 ) 4 - .

The salt 105, which is obtained from imidazole and
benzenesulfonylbenzimidoyl chloride 106, is converted into
l,3-bis(benzenesulfonylbenzimidoyl)-2-ferrocenylimidazoline
107 on heating with ferrocene in benzene.73

C-NH >

J + PhSO2N=(
N 1

Cl

Ph
106

Ph Ph

Pf

•1S

A.
FcH, PhH

NSO 2 Ph r e f l u x i n g i 2.5 h

ci-
r <

N

PI

NSO2Ph

ISO2Ph
105 107

The selectivity of the reaction of FcCHO with the hydroxyl-
amine derivatives 108 -110 is influenced by the nature of the
substituent at the keto-group:74 2-ferrocenyl-l-hydroxy-4,5,5-
trimethylimidazoline is formed from the methyl ketone 108
(the reaction was carried out at 0 °C for 0.5 h with subsequent
maintenance at 20 °C for 0.5 h; the yield was 30%); the TV-oxides
111 and 112 were obtained from the phenyl ketone 109 and the
oxime 110 (in 25% and 60% yields respectively). It has been
suggested that compound 111 is formed as a result of the rapid
oxidation in solution of the intermediate hydroxyimidazoline.74

Me Me

1 4 + HON
Me NH3,EtOH,H2O

108
O

HO Me

N—I—MeFH J
Me

Me Me
Me

14 + HON:
Ph NH3,EtOH,H2O

20 °C, 2 h

109 111

-Me

Ph

Me Me

1 4 + HONH'

Me

N — O H

H2SO4,EtOH
refluxing, 2.5 h

Fc

110 o

N-

N = l

112

-Me

Ph

The salt 114 was used as the starting material for the synthe-
sis of 2-ferrocenyl-l,3-dihydroxy-4,4,5,5-tetramethylimidazohne
113. 7 5

Me

M O - U H O H
M e — ^ N H O H 20 °C, 10 h

Me

114

HO Me

N -
Fc

N-

HO Me

113

Me

•Me

5-Ferrocenylhydantoin has been obtained in 85% yield from
the cyanohydrin 115 and ammonium carbonate in aqueous
alcohol (the reaction was carried out at 50 °C for 2 h with
subsequent maintenance at 20 °C for two days).76

F c — (
OH

(NH4)2CO3
EtOH, H2O

 F c

CN

NH

115 H

German investigators72 synthesised a series of derivatives of
2-ferrocenylbenzimidazole 116 (in 70%-90% yield) by condens-
ing FcCHO 14 with substituted 1,2-diaminobenzenes in the
presence of copper acetate.

H2N.

14 +

R = H, 4-Me, 5-Me, 5,6-Me2,4-C1, 5-C1, 5-Br, 4-NO2,

5-NO2, 5-CN, 5-OMe, 5-NH2,4,5-( - CH = CH - CH = CH - ) .

The benzimidazole derivatives 117, containing the ferrocenyl
group linked directly to the heterocycle or separated from it by a
chain of 1 - 5 carbon atoms, are formed in 45% - 98% yields on
heating ferrocenyl-substituted carboxylic acids 118 with sub-
stituted 1,2-diaminobenzenes under an argon atmosphere in the
presence of hydrochloric and boric acids.72

H2N.

Fc(CH2)nCOOH

118

HC1, H3BO3

Ar, 115-120 °C, 3 -7 h

Fc—(CH),

R = H (n = 1 -5) , 4-Me (n = 0, 1), 5-Me (« = 1), 5,6-Me2 (n = 1),
4-C1 (n = 1), 5-C1 (n = 1), 5-OMe (n = 1),
4,5-(-CH = CH-CH = CH-) (n = 1).

Their analogues 117, methylated at the N(l) atom, have been
obtained under similar conditions from the acids 118 (n = 0, 1)
and l-amino-2-methylaminobenzene, while the iV-phenylated
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analogue 117 has been obtained from the acid 118 (n = 1) and
l-amino-2-phenylaminobenzene.72 The yields of compounds 117
were 54%-81%.

When benzimidazoles are treated with ferrocenylmethyl-
(trimethyl)ammonium iodide, the N(l) atom is ferrocenyl-
methylated.77-78

FcCH2NMe3I- +
N

H

CH2Fc

65%-100%

R = H: R1 = H, Me, Ph;

R = 5-NO2: R1 = H, Me.

The FcCH2 substituent can also be introduced at the nitrogen
atoms of the benzimidazole derivatives 119 by the reaction with
hydroxymethylferrocene in the presence of tetrafluoroboric acid.
Depending on the ratios FcCH2OH:119:HBF4, one or both
nitrogen atoms of the heterocycle are alkylated. The mono-
alkylated products 120 (R2 = H) are obtained for the ratios
1:1:2, while the dialkylated products 120 (R2 = FcCH2) are
formed for the ratios 2:1:2.78

FcCH2OH +
HBF4,CH2C12

20 °C, 15-30min

R 2 —N

R2

CH2Fc BFJ

120

Yield (%)

H
H
6-NO2
6-NO2
6-NO2

6-NO2

Me
Me
H
Me
H
Me

H
FcCH2

H
H
FcCH2

FcCH2

55
68
71
75
65
62

Ferrocene-containing imidazolines and benzimidazoles are
formed in high yields (80%-93%) on condensation of the
iminoester hydrochlorides 121 with ethylenediamine or 1,2-
diaminobenzene.79'80

NHHC1

Fc—(CH=CH) n —C

121 OMe

H2N(CH2)2NH2, MeOH
65-70 °C, 2 h

1,2-(H2N)2C6H4, MeOH

65-70 °C

Fc—(CH=CH)n

Fc—(CH=CH)n

N

A
H

The configuration of the ethene fragment in the product is the
same as in the initial iminoester 121 (« = I).81-82

The reaction of ethylenediamine with the hydrochloride of the
iminoester of 3-ferrocenyl-3-hydroxypropionic acid results in the
formation of l-ferrocenyl-2-(2-imidazolinyl)ethene 122 in the
form of a mixture of the cis- and frans-isomers.82

= » FC^CH=C
H NH-HC1

H

122 (95%, cis + trans)

The condensation of the aldehyde 14 with 2-methylimidazo-
line constitutes a stereoselective method of synthesis of the trans-
isomer of the imidazoline 122.82"84

0/ —
14 + Me—^ ]

N'
H
N ^

Conditions

H

trans-122

Yield of 122 (%)

RONa, ROH (R = Me, Et) 54
KU-2, PhH 32

2-(2-Benzimidazolyl)-l-ferrocenylethene has been obtained
similarly from 2-methylbenzimidazole.83'84

14 + Me
MeONa, Py

or NaNH2 / NH3

F c — C H = C H

31%

2-Mercaptobenzimidazole reacts in the thiono-form with two
molecules of ferrocenyl vinyl ketone in the presence of potassium
fluoride, affording the adduct 123 in 94% yield.85

SH + 2 FcCOCH=CH2
KF/Al2O3,MeCN

In the reaction of 3-acetyl-2-thiohydantoin with FcCHO on
aluminium oxide, deacetylation takes place together with
ferrocenylmethylation; the reaction product is compound 124
(yield 75%).86

n = 0, 1. 124
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The synthesis of 2-ferrocenyl-5-mercapto-4-phenyl-l,2,4-tri-
azoline by the condensation of phenyl isothiocyanate with the
hydrazide of ferrocenecarboxylic acid has been described.87

In the presence of acetic acid, the ferrocenylcarbinols 125
react regiospecifically with 5-nitro- and 3,5-dinitro-l,2,4-tri-
azoles, forming the products of alkylation at the N(l) atom.88

The ferrocene derivatives 126 with heteryl-containing substitu-
ents in both rings can be obtained under these conditions.

R1 R2 Yield (%)

H
Me
Ph
H
Me

H
H
H
H
H

H
H
H
NO2

NO2

H
H
H
H
H

O2N

H CH2OH

Me CH(Me)OH

Me CH(Me)OH

H

NO2

02N
Me >

—CH-N^

O2N
Me

—CH-N

42
57
18
12
14

60

53

14

N * ^ NO2

The alkylation of the sodio-derivatives of 5-nitro- and 3,5-
dinitro-l,2,4-triazoles by chloromethyl- and l,l'-di(chloro-
methyl)-ferrocenes 127 also takes place regiospecifically at the
N(l) atom. The yields of the products 128 are 50%-80%.89'90

Me2CO

Na +

refluxing 4 — 6 h

O2N

•CH2 N I

H
H

CH2C1

CH2C1

H
NO2

H

NO2

H

H O2N

O2N

The reaction of the sodio-derivative of benzotriazole with the
salts 129, formed from the ferrocenylcarbinols 125 and HBF4,
leads to N-substituted benzotriazoles 130 in 54%-96% yields.43

According to the authors, the reaction proceeds via a stage
involving the one-electron oxidation of the benzotriazole anion.

125 + HBF4

R

Fc—CHj BF4
129

CH2CI;

130

Reaction
time/h

H Me

0.25 1.25

Ph FcCH = CH Fc

1.75 20 0.5 0.5

The alkylation of the substituted benzotriazoles 131 by
treatment with the ferrocenylcarbinols 125 in 48% aqueous
HBF4 in the course of 3 -5 min leads to the salts 132 in
92%-96% yields.91

Fc—CH2

125 131

N—CH2Fc

-R3

132

R = H, Me; R1 = H, CH2OH; R2 = H, Me, Br, NO2;

R3 = H, —CH2-NN N-CH,—Fc .
S N '
BF;

The alkylation of tetrazole and its derivatives 133 by
various cationoid ferrocene-containing reagents has been
investigated.88'92 The reagents employed were the alcohols 125
of the ferrocene series, which readily generate a-ferrocenyl-
carbonium ions in an acid medium, as well as oc-haloalkyl-
ferrocenes 127. In these reactions, electrophilic functional groups
were present in only one as well as in both rings of the ferrocene
system.

N O 2
125 (R1 = H) 125 [R1 = CH(R)OH]
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CH2CI CH2CI

CH2C1

OMe

P h — C ^ C — P h + Fc—C--=Cr(CO)5

140

BuOBu

80 °C, 4 h

127 (R = H) 127 (R = CH2C1)

Treatment of tetrazole (or 5-R'-tetrazole) 133 or of its sodio-
derivative by the above reagent gave the products of alkylation at
the N(l) atom (compound 134) or the N(2) atom of the tetrazole
ring (compound 135).

N-

133

125 (R1 = H)
HX

135

It has been observed that tetrazole and its alkyl derivatives
(R1 = H, Alk) are alkylated nonselectively, which results in the
formation of a mixture of regioisomers (compounds 134,135, and
136-138). The introduction of electron-accepting or aromatic
substituents (R1 = Ar, NO2) into the tetrazole ring promotes
substitution at the N(2) atom. In the case of 5-nitrotetrazole, only
the Af(2)-alkylated derivatives are obtained (compounds 135 and
137).

R1

CH—N

N = N

R1

137

138

The influence of the acidity of the medium on the selectivity
of the alkylation of tetrazole by the alcohols 125 has been
investigated.93 It was found that alkylation at the N(l) atom
predominates in an acid medium.

The ferrocenylfuran derivative 139 has been obtained in
45% yield by heating a mixture of diphenylethyne with
pentacarbonyl[ferrocenyl(methoxy)carbene]chromium(0) 140 in
dibutyl ether.94

IX
MeCT^o Fc

139

A mixture of the two dihydrofuran derivatives 141 and 142
is formed as a result of the reaction of vinylferrocene with
tris(3-iodopentane-2,4-dionato)cobalt 143 in the presence of
palladium acetate and triphenylphosphine.95

Fc—CH=CH 2

2-Ferrocenyltetrahydrofuran and its derivatives 144 have been
synthesised in 90%-95% yields by the dehydrocyclisation of the
corresponding 1,4-diols 145 on treatment with sulfuric acid or on
heating in vacuo.96'97

H
Ph
Ph
Ph
Ph

H
Me
Me
Pr

H
Me
Et
Pr

- ( C H 2 ) n - (n = 4, 5)

The unsaturated alcohols 146 or the 1,4-diol monoethers 147
are converted into the tetrahydrofuran derivatives 148 by the
reaction with trifluoroacetic acid and subsequent treatment with
an aqueous solution of sodium carbonate. According to the
authors,98 the reaction proceeds via a stage involving the
formation of the carbonium ions 149. The yields of compounds
148a, b were 84% and 88% respectively.

FcCH

FcCH

OMe

OH —1
146

OH

F C C H OH
149

H2O

147

R = H (a), Me (b) 148a,b
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Japanese investigators have described a new method
of synthesis of 2,5-diferrocenyltetrahydrofuran derivatives
150.99,ioo T h e y t r e a ted the alcohols 151 or the alkenes 152
with oxygen in hexane in the presence of silica gel or acid
aluminium oxide.

The authors believe that the reaction proceeds via the inter-
mediate formation of a peroxide as a result of the oxidative
dimerisation of the initial compounds.

O—O

When l,6-dioxaspiro[4.4]nonane 153 is activated by Lewis
acids (AICI3, BF3), it is capable of alkylating ferrocene with the
opening of one of the rings of the spiro-system.101'102 After
treatment with water, 2-ferrocenyl-2-(3-hydroxypropyl)tetra-
hydrofuran 154 is formed in 55%-89% yield.

+ FcH
AICI3, BF r OEt 2 , N 2 , CH2CI2

25 °C, 16 h *"HO(CH2)3

153 154

Ferrocene adds to the dihydrofuranone derivative 155 under
similar conditions.103

,^k«A + FcH
AlCl3,N2>CH2Cl2 Fc

20 °C R

155

2-Ferrocenylfuran-5-carboxylic acid has been synthesised by
the cyclocondensation of 3-chloro-3-ferrocenylacrolein 61 with
glycolic acid. It was noted that, when the reaction is carried out in
a microwave oven, the yield of the cyclocondensation product
increases appreciably.24

The interaction of the diketone 156 with benzoquinone in the
presence of Et2O-BF3 results in the formation of the benzofuran
derivative 157 in 30% yield.104

The alcohols obtained from 3-ferrocenoylpropionic acid or its
methyl ester cyclise to the tetrahydrofuranone derivative 158 on
treatment with MeMgl or NaBH4 in situ.98-105

The acylation of ferrocene by the chloride of 5-(2-furoyl)-
valeric acid in the presence of aluminium chloride is
accompanied by the intramolecular crotonic condensation; the
final reaction product is 2-ferrocenyl-l-(2-furoyl)cyclopentene
159.106

(CH2)8Me

-H

- H 2 O

(CH2)8Me

Fe
(&>—n-(CH2)9Me

C
Fc

COOH

COOMe

157

1) MeMgl

2)H2O

NaBH4

^

Fc

R = H, Me.

n

MeOH 158

.COC1
A1C13

 X Q '

O Fc

159

Australian investigators107 described a novel method of
synthesis of 3-ferrocenylmethyl-2,3-dihydrobenzofuran by the
cyclocondensation of ferrocene with the diazonium cation 160.

FcH

CH2Fc

The naphthofuran derivatives 162 have been synthesised in
70%-78% yields by heating a mixture of P-naphthol and the
dibromo-derivatives 161 above the melting point.47

161

R = Ph, 4-ClC6H4, 3-O2NC6H4, 4-O2NC6H4 .
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The reaction of ferrocene with the lactones 163 in the
presence of aluminium chloride103 leads to compounds
164-166 with five-membered rings, which are formed as a
result of the carbonium ion rearrangement 167 -» 168.

FcH
AlCl3,CH2Cl2,N2 Fc

RR O O 0-20 °C, 3 h

163

I 1
Fc

167 168

Fc

Ph

166

The synthesis of the ferrocenyl-substituted succinic
anhydrides 170 from the corresponding acids 169 on treatment
with Ac2O or (CF3CO)2O has been described.108"110

R ' ^ C O O H ( C F 3 C O ) 2 o or Ac2O
 R '

R 9

R

H

^•COOH

169

Fc(Me)C =
Fc(Ph)C =
FcHC =

CH2CI2

R1

FcCH2

Yield ("/

80-88
100
90
53

\\
0170

Ref.

109
108
108
110

The Horner - Emmons interaction of FcCHO 14 with the
phosphonates 171 leads to the unsaturated lactones 172.111

P(O)(OEt)2
NaH, PhH

1 F = C H F C

171

R = H, Me.

172

The ferrocene-containing chalcones 173 and 174 have been
obtained112-113 by condensing compound 14 with 2-acetylfuran
(on treatment with aqueous alkali at 20 °C for 24 h or on
treatment with piperidine in methanol) and also by condensing
l,l'-diacetylferrocene with furfural.

14 +

Me O

J
173

NaOH, EtOH, H2O

CH=CH—^ y

CH=C

174

On treatment with the glycols 175 in the presence of toluene-
p-sulfonic acid, the aldehyde 14 and acetylferrocene 23 afford the
corresponding dioxolanes 176 (yield 68%-77%).114-115

F c _ /

175 176

Ref.

Me
H
H

H
Me
Me

H
H
Me

114
115
115

It has been established by JH NMR spectroscopy115 that the
reaction with aldehyde 14 proceeds stereoselectively: for R1 = Me
and R2 = H, a 6:5 mixture of (Z)- and (ii)-isomers is formed;
the dl- and (£')-isomers are formed in proportions of 6:1 from
the symmetrical diol, where R1 = R2 = Me.

R2

H

The introduction of the dioxolane fragment into the ferrocene
system is also possible on treatment with epichlorohydrin in the
presence of tin(IV) chloride.114'116 The maximum yields of the
products 177 have been obtained for the ratio ferrocene
derivative: epichlorohydrin = (1:2) - (1:4).

Me +
10-20 mass%SnCl4

CH2CI CCU

CH2C1

177

M e o
1(R = R1 = H; R = COMe, R1 =

A method of synthesis of l,l'-bis(2-thienyl)ferrocene,
involving the reaction of l,l'-dibromoferrocene with an excess
of (2-thienyl)magnesium iodide has been patented.117

The cyclocondensation of 3-chloro-3-ferrocenylacrolein 61
with thioglycolic acid in the presence of triethylamine [60-80 °C,
dimethylformamide (DMF)]24>118 leads not only to the expected
2-ferrocenylthiophene-5-carboxylic acid (yield 12%) but also to
its decarboxylation product — 2-ferrocenylthiophene (yield 20%).
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The condensation of ethyl thioglycolate proceeds without
complications118 and the corresponding thiophene derivative 178
(X = OEt) has been isolated in 63% yield. The amide 178
(X = NHPh) has been obtained in 36% yield from the anilide of
thioglycolic acid.

61 + HSCH2COX

X = OEt, NHPh.

COX
178

The same communication reports the synthesis of the amino-
derivatives 179 (X = OEt, yield 49%; X = NHPh, yield 65%)
when the 3-chloro-3-ferrocenylacrylonitrile 62 is condensed with
thioglycolic acid derivatives.

62 + HSCH2COX

X = OEt, NHPh.

cox
179

In a basic medium, the diene derivative 180 undergo
transcondensation with ethyl thioglycolate. This leads to the
product 181, unstable under the reaction conditions, which
cyclises to the thiophene derivative 178 (X = OEt).119

Cl

Fc
— C H = /

R1

HSCH2COOEt
R2

EtONa, EtOHt

20 °C, 24 h

180

Cl

Fc'
V=CH—

SH

COOEt
- H C 1

181 178

When ferrocene is acylated by the chlorides of thiophene-
3-carboxylic acids, the ketones 182 are formed in low yields
(14%-20%).120

COC1

FcH

R = 2-COOMe, 4-COOMe.

A1C13, CH2C12

20 °C, 12 h
refluxing, 4 h

COFc

S

182

The acylation of ferrocene by the acid chlorides 183 and 184,
containing a sulfolane or sulfolene fragment, is also ineffective for
preparative purposes (the product yields are 14%-20%).121

RCOCI + FcH

183

o2s;

AlCb, C1CH2CH2C1

refluxing, 6 h

O.

Fc

O2S + FcH A1C13, C1CH2CH2C1

refluxing, 6 h
COFc

184

When the acylferrocenes 185 are acylated by the chloride
of thiophene-2-carboxylic acid 186, the attack by the
electrophile is directed to the unsubstituted cyclopentadienyl
fragment.122

O \ \ f \ MCl3,CH2Cl2

V ^ S N2,15h

186

R = Me (80%), Et (83%), Ph (81 %), PhCH2 (85%).

When l-acetyl-l'-ethylferrocene is used as the substrate, sub-
stitution takes place in the ring with the alkyl substituent (the
yield of the acylation product is 16%).122

The acylation of ferrocene by the chloride 187 under the
conditions of the Friedel - Crafts reaction is accompanied by
cyclisation with formation of the ketone 188.10*

COC1
AICI3

o
QyQ

187

O Fc

188

The 1,3-dithiolanes 189 have been synthesised in 51%-81%
yields by the thioketalisation of the acylferrocenes 185 on
treatment with the 1,2-dithiols 190 in the presence of acid
catalysts.115

O
SH PhH

refluxing

18S

R = H, Me, Ph.

190
s

189

More severe conditions are required for the synthesis of the
bisthioketals 191 from l,l'-diacylferrocenes 192, the product
yields being 29%-31%.

S H HCl (g), PhH

R = Me, Ph.

The vinylferrocene derivative 193 has been synthesised by the
Wittig reaction from the aldehyde 194 and ferrocenylmethyl-
(triphenyl)phosphonium iodide in 58% yield.123

CHO
+ FcCH2PPh3I

- BuLi, THF

- 7 8 °C

194

CH=CHFc

193

Compounds 195 have been obtained from l,l'-diacetyl-
ferrocene and the reagents 196 by the Homer - Emmons
method in 60%-70% yields.123
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= H,Me.

On heating the unsaturated ketones 197 with hydroxylamine
in the presence of alkali, the adduct was unexpectedly readily
aromatised, the isoxazoles 198 being obtained instead of the
isoxazolines.124

c H = C H - R . + NH2OH

197

R = Fc; R1 = Fc, Ph,

198

= Fc.

5-Ferrocenyhsoxazole has been synthesised in 25% yield by
heating the aldehyde 61 with the hydrochloride of hydroxylamine
in methanol. On treatment with hydroxylamine in the presence of
sodium ethoxide, the nitrile 62 affords a 56% yield of 3-amino-
5-ferrocenylisoxazole.54

The ethyl ester of 5-ferrocenylisooxazole-3-carboxylic acid is
formed in 61%-86% yield in the reaction of 3-ferrocenoylacrylic
acid derivatives 199 with hydroxylamine hydrochloride.59

Fc R

+HONH2HCI

199
O

EtOH, H2O (traces)

refluxing, 15min

COOEt

R = NH2, R1 = OEt; R = OH, R1 = OH.

The ferrocene derivatives 201, containing isoxazole fragments
in one or both cyclopentadienyl rings, have been obtained in
47%-81% yield by the cyclocondensation of the diketo-
derivatives 200 on refluxing with HONH2-HC1 in alcohol.55-58

For R1 = Me in the initial diketo-derivative 200, the reaction is
carried out in the presence of pyridine.

R1 + HONH2HC1
EtOH

R1 R2 R3

Me

Me

COOEt

H

W M e

0 0

Y Y C O O E t
0 0

H

n - -jj-Me

-jpCOOEt

3-(10-Phenothiazinyl)-5-ferrocenylisoxazoline has been syn-
thesised in 40% yield by refluxing a mixture of 10-(3-ferrocenyl-
l-oxoprop-2-en-l-yl)phenothiazine with hydroxylamine in
ethanol for 6 h.66

The 1,3-dipolar addition of the iV-oxides of carboxylic acid
nitriles to unsaturated ferrocene derivatives is a convenient
method of synthesis of 5-ferrocenylisoxazole and 5-ferrocenyl-
isoxazoline derivatives. Ferrocenylethyne, vinylferrocene, and
ferrocenyl vinyl ketone have been used as the dipolarophiles.
Their cydoaddition to the iV-oxides of aliphatic and aromatic
acid nitriles led to the series of derivatives 202-204.125

Fc—C=CH + R—C=N—»-
PhHorEt2O
20 °C, 10-24h

202 (23% -94%)

R = Me, Et, COMe, COOEt, Ph, 3-O2NC6H4,4-O2NC6H4.

R1—CH=CH2 + R—C=N—K)
PhH or Et2O

R1 = Fc
10-20 h Fc

R1 = FcCO

20 °C

R

203 (41%-80%)

-R

3-4 h Fc N

O
204 (70%-97%)

R = Me, Et, COMe, COOEt, Ph, 3-O2NC6H4, 4-O2NC6H4.

Compound 205 with two condensed heterocyclic rings is
formed in 60% yield as a result of the interaction of the
pyrazolone derivative 94 (R = Me, R1 = Ph) with urea in boiling
acetic acid.69 The following reaction mechanism has been
proposed:

Me- sCHFc eHl \
CHFc

Ph
94

Me-

Ph
206

Fc

L
Fc

L-

Ph

OH

207

Me-

NH2

-Fc

NH,
- H + , -HCONH 2

Ph

205

Treatment of 1-ferrocenoylaziridines 3 with sulfuric acid in
the dark leads to the expansion of the ring and the formation of
the oxazoline derivatives 208 (yields 24%-58%).7

H2so4,Et2o

R1

3 208a-c

R = R1 = H (a); R = H, R1 = Me (b); R = R1 = Me (c).



Heterylferrocenes. Synthesis and use 59

A further two methods of synthesis of the oxazolines 208 have
been patented: by the reaction of FeCN with l-aminopropan-2-ol
(compound 208b is obtained) or by the reaction of FeCOCl with
2,2-dimethylaziridine (compound 208c is obtained).126

A method has been proposed recently for the synthesis of
4-substituted 2-ferrocenyloxazolines from cyanoferrocene and
the aminoalcohols 209 in the presence of zinc chloride (yields
15%-38%).127 Best results are achieved when the |3-hydroxy-
amides 210 are cyclised on treatment with triphenylphosphine
(yield 77%-92%).128

F c _ c ^ N +

209

R = Me, Pr\ Bu!, Bu1, Ph, PhCH2.

O
HN

R

210

OH PPh3,Et3N,MeCN, CCU

20 °C
Fc

R = H,Pr'.

Cyclocondensation of the hydrochloride of the methyl
iminoester of ferrocenecarboxylic acid with o-aminophenol in
boiling methanol leads to 2-ferrocenylbenzoxazole in 84% yield.79

The latter has also been obtained in 70% yield by irradiating the
imine 211 with light of 348 nm wavelength in boiling toluene for
10 s.129 The unstable 2-ferrocenylbenzoxazoline, which is rapidly
oxidised, is formed as an intermediate.

NH O2

211

An alternative route to 2-ferrocenylbenzoxazole involves the
treatment of the imine 211 with lead tetraacetate in glacial acetic
acid.129

The lithium derivative, formed on deprotonation of 2,4,5-
trimethyloxazole by treatment with lithium diisopropylamide
(LDA), reacts with FcCHO 14, affording (after hydrolytic
treatment) the alcohol 212 (yield 57%).130

Me

Me

N
1)LDA,THF, hexane

M e 2)14,N2, -78 °C
3)H2O

Me
N

OH

X( ^H-Fc

212

The N-oxides of the carboxylic acid nitriles 213, generated by
the dehydration of the primary nitro-compounds 214 by phenyl
isocyanate in the presence of triethylamine, were made to
undergo the 1,3-dipolar cycloaddition to phenylethyne or
alkenes.131-132 This resulted in the synthesis of 3-ferrocenyl-
methyl-5-phenylisoxazole 215 or of the isoxazoline derivatives
216.

Fc Fc
214 213

R

H
H
H
H
H
H
H
H
Me
Me
OEt
Ph
OMe

Ph—C=CH, R = H,
(1) refluxing, 15 min,
(2) 20 °C, 3 h

R1 —CH=CH-R2

(1) refluxing, 15 —60 min,

(2) 20 °C, several hours

R1

H
H
H
H
H
H
H
H
H
H
COOMe
COOMe
COOMe

O Ph
215 (48%)

R1 (R2)
F c9H~[i |

R ^ O R2 (R1)

216 (24%-88%)

R2

CN
Ph
n-CsHu
cyclo-C6Hii
SiMe3

OAc
CH2OCO(CF2)2CF3

COOCH2(CF2)5CF3

CN
OAc
trans-COOMe
trans-COOMe
trans-COOMe

Interaction of the hydrochlorides of the iminoesters 120 with
o-aminophenol results in the formation of the benzoxazole
derivatives 217 in 84%-100% yields.82-133

Fc— (CH=CH)n—^

120

NH2

MeOH

OH

n = 0, 1.

65 °C, 0.5 h

CH=CH)n—Fc

It has been found that the cyclocondensation does not affect the
configuration of the double bond.81 The individual cis- and trans-
iminoesters 120 (n = 1) afforded the corresponding diastereo-
isomers 217 in 90%-93% yields.

Compound 217 (n = 1) has been synthesised by condensing
the aldehyde 14 with 2-methylbenzoxazole in the presence of
bases (MeONa, NaNH2).

83-84-133 If the substrate is 2,3-dimethyl-
benzoxazolium iodide, the condensation product is the
corresponding salt of the iV-methyl derivative 217.

A condensation of the same type has been used to synthesise
the more complex ferrocene-containing benzoxazoles 218 and
219 (yields 75%-80%).84

refluxing, 0.5 h

N -

F c — C H = C H <

R = SO3H, CN 218
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14 +
EtONa, Py R \ / N 0 2

/
Fc

Fc—CH=CH

— N

CTXH=CH—Fc

PhNCO, Et3N, PhH \
refluxing, 0.5-1 h /

F C 223

R R

F c — C H CH—Fc

219

Ferrocene-containing cyanines having the general formula
FcCH=CHR have been synthesised from the aldehyde 14 and the
methiodides of 2-methylbenzoxazole and its derivatives.84 The
compounds with

Me—N-

224: R = H (42%), Me (80%).

The 1,2,4-oxadiazole derivatives 225 have been obtained136

by the reaction of ferrocenylmethyl(trimethyl)ammonium iodide
with sodium nitrite in acetonitrile or propionitrile.

Me—N

FcCH2NMe3I- + NaNO2

R = Me,Et.

R-C=N Fc

225

; R1 = SO3H, CN,

have been described.
The condensation of the salt 220 with hydroxylamine results

in the formation of l-acetyl-l'-(l,2,5-oxadiazol-4-yl)ferrocene in
73% yield.134

Apparently the N-oxide of the nitrile FcC = N -> O is formed as
an intermediate, undergoing subsequently the 1,3-dipolar cyclo-
addition reaction with the nitrile group.

The phosphonic acid derivatives 226, containing the 1,3,4-
oxadiazole ring, react under very mild conditions with the
aldehyde 14 to form compounds 227.137

O

CH=NO-Na +

HONH2-HCl,Py
20 °C, 12 h

220

N N V
II || II ] 4

• J ^ > L - X - C H 2 - P ( O R ) 2 " ^

Fc— CH=CH

20 °C, 0.5 h

CH=CH—Fc

227

Refluxing of the diacetate of l-ferrocenyl-2-methylglyoxime
221 in aqueous alkali leads to 5-ferrocenyl-4-methyl-l,2,5-
oxadiazole.135 On the other hand, when there is a hydrogen
atom attached to the carbonyl carbon atom in the glyoxime
derivative, the 1,2,4-oxadiazole derivative 222 is formed under the
same conditions.

X = bond,

Fc

AcO—

Me Fc Me

NaOH, H2O
N—OAc refluxing, 3 h

5-Ferrocenylisothiazole has been synthesised from the
aldehyde 61 on treatment with ammonium thiocyanate
(refluxing in acetone for 20 min; yield 42%).54

The cyclocondensation of the imines 229 with thioglycolic
acid is frequently used to synthesise 2-ferrocenylthiazolin-4-one
228 16> 18-20

221
O'
(64.5%)

.OAc

•CH=N—OAc

R—N=CH—Fc

229

HSCH2COOH, PhH R—N-
refluxing

-Fc

228

Yield (%) Ref.

NaOH, H2O

•CH=N-OAc

OAc

The ./V-oxides of the nitriles 223, generated from primary
nitro-compounds on treatment with phenyl isocyanate in the
presence of triethylamine, dimerise in the absence of dipolaro-
philes and are converted into the furoxanes 224.131-132

14

54

100

16

18

18

20

19
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The 3-aminothiazolin-4-one derivatives 230 have been
synthesised by the cyclocondensation of the hydrazones 231
with thioglycolic acid.16'138

HSCH2COOH, PhH R N H — N -
RNH—N=CH-

231

R

CONH2

CSNH2

S N-COCHj-

—Fc

Yield

11
13

—

refluxing

(%) Ref.

16
16

20,138

230

-Fc

HOOO

HX
XXH

(239)

FcCH2OH >-

X = CIO4, BF4.

FcCH2X -

129

— *

CH2CI2-H20,1 h

HOOC—1 N CH2Fc

^S^Ph

(49%)

The condensation of the aldehyde 14 with rhodanine yields
5-ferrocenyhnethylidene-4-oxo-2-thionothiazolidine.142

The same reaction involving the azines 232 and 233 leads to
compounds 234 and 235 containing two thiazoline rings in the
molecule.16'139

O O

RCH—N—N=CHFc

232

R = Fc (8%),

'—N=CHFc

N X)
H

233

A procedure has been proposed for the synthesis of
thiazolidine derivatives 236,140 in which the aldehydes 14 and
BrCMe2CHO are treated with sodium hydrogen sulfide in
alcohol at -10 °C. This is followed by the passage of a stream
of ammonia for 15 min, the addition of EtNC, and the
maintenance of the reaction mixture under a CO2 pressure
for six days.

FcCHO + BrCMe2CHO + NH3 + CO2 + NaSH + EtNC

14
Me

EtOH

ElNH xCOOEtj
O

236(18%)

Benzothiazole derivatives 237 have been obtained by the
cyclocondensation of the carboxylic acids 238 with o-amino-
thiophenol.141

Fc—XFc—X—COOH +

X = bond,—CO(CH2)3—,—CO(CH2)4—.

2-Phenylthiazolidine-4-carboxylic acid 239 is alkylated at the
N atom of the heterocycle on treatment with ferrocenylmethyl
perchlorate or tetrafluoroborate 129, which are generated from
ferrocenylmethanol under phase-transfer conditions.4144

The a-carbonium ions, formed from ferrocenylcarbinols on
treatment with the KU-2 cation-exchange resin (in the H-form),
add electrophilically to benzothiazole, affording the derivatives
240.45

Fc—CH—OH +

R
Yield (%)

Me
63

S

J

Ph
80

KU
20

J

-2, CH2

°C,4h

S

^ N ^

240

C l 2 i

R

—CH—Fc

FcCH = CH
8

When the a-carbonium ion salts 129 were allowed to react with
the 2-methylbenzothiazole derivatives 241, the nitrogen atom of
the heterocycles was alkylated and the corresponding salts 242
were formed in 77%-100% yields.143'144

Fc—CH—OH + HX •

R

Fc—CH

129

(241)

CH2CI2, 20 °C, 0.25-1 h

Fc—CH—R X -

242

R = H, Me; R1 = H, 5-Fc, 6-Fc; X = BF4, C1O4 .

The methyl group at the C(2) atom of the heterocycle in
3-ferrocenylmethyl-2-methylbenzothiazolium tetrafluoroborate
242 (R = R1 = H, X = BF4) contains mobile hydrogen atoms
and is able to condense with 5-acetylphenylaminomethylene-
3-ethylrhodanine 243 to form dimethinemerocyanine 244 (vield
39%).42

p h

% N—Et_ N _ C H = l T
I S ^ SI

Ac 243

DMSO, EtjN

115-120 °C, 8 min

Fc CH2 244
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The carbocyanine 246 has been obtained in 64% yield by
treating 3-ethyl-2-(2-methylthiovinyl)benzothiazolium metho-
sulfate 245 with the reagent 242 (R = R1 = H, X = BF4).

42

CH=CH—SMe

Et OSO3Me-

245

242(R = R' =H,X = BF4)

DMSO, KI, Et3N

20 °C, 18 h

CH2—Fc

Compounds 248 have been synthesised (yields 7%-9%) by
the reaction of the ferrocenium cation, formed when ferrocene is
treated with concentrated sulfuric acid, and 5- and 6-diazo-
2-methylbenzothiazolium chloride 247.49

H2N HNO2, HCl, H2O

CI-N2
FcH+-

Me

248

It has been shown83-84 that in the presence of bases
2-methylbenzothiazole condenses with FcCHO 14 to form
2-(2-ferrocenylvinyl)benzothiazole.

14 +

Solvent

RONa, ROH

* ^ , A H = CHFc

Reaction time/h Yield (%) Ref.

MeOH
EtOH
EtOH, Py

0.5
12
0.5

65
65
97

83
84
83,84

2,3-Dimethylbenzothiazolium iodide, in which the mobility of
the H atoms of the methyl group at the C(2) atom is greater,
reacts more readily with FcCHO83 and 2-(2-ferrocenylvinyl)-
3-methylbenzothiazolium iodide is formed in a virtually quanti-
tative yield in the presence of piperidine.

Ferrocenyl vinyl ketone is a Michael acceptor in relation to
2-mercaptobenzothiazole.85 When the radiation is carried out on
aluminium oxide, a 96% yield of the adduct 249 is attained.

O.

Fc

CH=CH2
KF/Al2O3,MeCN

60 °C, 4 h

N^S
O |
Y-CH2—CH2

Fc 249

The acylferrocenes 185 react with 2-mercaptoethanol 250 to
form the 1,3-oxathiolane derivatives 251. It has been estab-
lished115 that, depending on the nature of R, various catalysts are
required for the successful synthesis.

O
F c — ^ + HSCH2CH2OH PhH

185
250

Catalyst

refluxing, 2.5 h

Yield (%)

251

H
Me
Ph

ZnCl2

TsOH
BF3-OEt2

55
55
35

On treatment with ferrocenyllithium, the chlorine atom in
compound 252 is substituted by the ferrocenyl group, where-
upon l-ferrocenyl-2,5-dimethyl-l,2,5-diazaphospholane 253 is
formed.145

Me Me

FcLi P—Cl
I—N

•N

P—Fc

Me Me

252 253

Compound 254 has been obtained in 49% yield as a result of
the reaction of dichloro(ferrocenyl)arsine 255 with sulfur in the
presence of 2,4,6-tris(terf-butyl)phenylphosphine and diazabi-
cycloundecene.15

FcAsCh + S8

255

THF

-10°C,2h,20°C, 12 h

254

V. Compounds containing six-membered
heterocycles
Condensation of the aldehyde 61 with the P-dicarbonyl com-
pound 256 in the presence of ammonium acetate leads to the 3-
acyl-6-ferrocenylpyridine derivatives 257;146 the same result has
been achieved by treating the pyrilium salts 258 with ammonium
acetate.147

61 +

256

^COR

NH4OAC

AcOH

COR

F c ^ C T ^ R 1 C1O4"
258

257

R1 Yield (%)

Ph
Me
Me
EtO

Ph
Me
EtO
Me

- C H 2 - C M e 2 - C H 2 -

34
27
43

45

25
10

43
21
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4-Ferrocenyl-2,6-dimethylpyridine is formed in 63% yield on
treatment of 4-ferrocenyl-2,6-dimethylpyrylium perchlorate with
aqueous ammonia.148 A similar transformation of 6-ferrocenyl-
2,4-diphenylpyrylium perchlorate into 6-ferrocenyl-2,4-diphenyl-
pyridine requires more severe conditions: refluxing with an
alcoholic solution of ammonium for 10 min (yield 45%- 51%)149

or heating with an alcoholic solution of ammonia in a sealed tube
at 100 °C for 7 h (yield 27%).150

When the salt 259 was heated with ammonium acetate in
aqueous acetic acid, 2-ferrocenylpyridine 260 was obtained in
57% yield.151

NH4OAc, AcOHt

BF4 160 °C, 10-20min

259 260

3,5-Dicyano- 4 -ferrocenyl-2,6-dimethyl-l,4-dihydropyridine,
formed as a result of the condensation of FcCHO with
diacetonitrile (refluxing for 1 h in acetic acid under a nitrogen
atmosphere), is converted into 3,5-dicyano-4-ferrocenyl-2,6-
dimethylpyridine on oxidation with chloranil.152

The accelerating effect of ultrasound on chemical reactions
has been demonstrated by Japanese investigators.153 They showed
that the sonolysis of unsaturated ferrocenyl-substituted ketones
261 in acetonitrile at 35 °C for 2 h leads to the pyridine
derivatives 262 in 60%-85% yields. The authors153 believe
that diacetonitrile, generated from acetonitrile under the reaction
conditions, participates in the formation of the pyridines.

Fc(R R(Fc) MeCN, Me3COK,
.CN

V
o

US, 35 °C, 2 h

261 262

R = R1 = Bu', Ph, 4-ClC6H4,4-MeOC<;H4,

In the presence of bases, the unsaturated ketones 261 react
with 3-aminocrotononitrile. If the reaction is carried out in
2-ethoxyethanol,154 then the products are the substituted
pyridines 263.

Fc ( R k ^ ^ R (Fc) H2N

T + )=CH—CN
NaOH, EtOCH2CH2OH

O Me

261

H2N
14 + V=CH—COOEt

Me

(NH4)2CO3

Fc

Me
190-210 °C, 45 min

H
264

Fc

EtOOC COOEt

M e ' N Me

265

In the diphosphine 266, one of the PPI12 groups is substituted
by the 2,2'-bipyridyl group on treatment with the lithium
derivative formed from 2,2'-bipyridyl and phenyllithium.156

267

A series of quinoline and naphthyridine derivatives 268,
containing the ferrocenyl group, have been synthesised by the
Friedlaender reaction from acylferrocenes 185 and the amino-
aldehydes 269.157

CHO
KOH, EtOH

NH2

Ar, refluxing, 18 h

185 269

refluxing, 4 h

R1

1
' X x

R^N^Me
263

R

Me
Me
Me
Et
Et
Et

R1 Yield (%)

H
H
H
Me
Me
Me

CH
N
COMe
CH
N
COMe

53
85
75
67
43
34

Compounds 270 are obtained under similar conditions from
the l,l'-diacylferrocenes 192 and 2 mol of the aminoaldehydes
269.

When the condensation is carried out in butanol with subsequent
heating of the reaction products with water, substituted
nicotinamides are obtained.154

The condensation of the aldehyde 14 with ethyl 3-amino-
crotonate in the presence of ammonium carbonate leads to the
1,4-dihydropyridine derivative 264, which is oxidised by sulfur
and is converted into 3,5-bis(ethoxycarbonyl)-4-ferrocenyl-2,6-
dimethylpyridine 265.155
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+ 2 269
KOH, EtOH

Ar, refluxing, 18 h

270

Yield (%)

Me
Me
Me
Et
Et
Et

H
H
H
Me
Me
Me

CH
N
COMe
CH
N
COMe

75
75
62
26
40
24

Benzenesulfonylbenzimidoyl chloride 106 adds to quinoline
or isoquinoline with formation of the salts 271 or 272, which
alkylate ferrocene (refluxing in benzene for 2.5 h), affording
compounds 273 or 274 in 42% or 51% yields respectively.73

FcH

PhSO2— PhSO2—

271

+ 106

273

FcH

N Ph

Cl- N—SO2Ph

272

N Ph

Fc' H N—SO2Ph
274

The aldehyde 61 reacts with two molecules of 3-hydroxy-
or 3-methoxyaniline with formation of the salts 275, the
subsequent treatment of which with aqueous ammonia leads
to cyclisation to the quinoline derivatives 276 and 277.146

'H NMR data revealed the regioselectivity of the cyclisation
in favour of compound 277. In the case of unsubstituted
aniline, the reaction stops at the stage involving the formation
of the salt 275 (R = H).

On treatment with boron trifluoride etherate, the amide 278
gives rise to the chelate 279, which cyclises on heating with
orthophosphoric acid and is converted into 4-ferrocenyl-7,8-
dimethyl-2-quinolone.I58

6 1 + 2 H2N

R = OH (15%), OMe (44%).

BF3-OEt2

Me Me

278

Fc

•° Me

BF2BF2

Me

279

Fc

In the presence of alkali, the aldehyde 14 condenses with the
hydrochloride of quinuclidin-3-one, which affords 2-ferrocenyl-
methylidenequinuclidin-3-one 280.159

KOH, MeOH
+ 14 —*•

o
20 °C, 12h

HFc

HC1 280

Methods for the synthesis of a series of ferrocene-containing
derivatives of bipyridyl (compounds 281) and terpyridyl
(compounds 282 and 283) have been developed based on the
carbonyl derivatives of ferrocene.160"162

281

282
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The method of synthesis of 2-ferrocenyl-4-methyl-5,6-benzo-
quinoline 284, proposed in a patent,163 involves the condensation
of 4-ferrocenylbut-3-en-l-ol with P-naphthylamine in the pres-
ence of aluminium chloride.

NH2

AlCh,
40 °C

; x Me

OH t

CH2C12

284

Two other methods of synthesis of compound 284 are based
on the acid-catalysed condensation of carbonyl compounds
•with P-naphthylamine or iV-ferrocenylmethylidene-P-naphthyl-

amine.
164

,NH2 Me

N = C H F c

cone. H a , EtOH
refluxing, 16 h

Me2CO,conc. HC1,N2

284

refluxing, 2 h

Compound 285, in which condensed pyridine and cydohexa-
dienyl rings alternate, has been synthesised in 26% yield by
treating with ammonium acetate the product 286 formed when
the aldehyde 14 reacts with the enamine 287.165

14 +
^ ^ dioxane, N2

I ] refluxing, 18 h

287

NH<OAc, EtCOOH, H2O

refluxing, 2 h

286

285

Compound 288, containing two ferrocenyl groups and five
pyridine rings, has been obtained by a two-stage synthesis from
the aldehyde 14 and 2,6-diacetylpyridine.166

Fc

-N.

288

The pyridopyrazole derivative 290 is formed in 70% yield on
refluxing the chalcone 289 with 3-amino-l-phenylpyrazol-5-one
in ethanol.167

V - CH=CH-C6H4OMe-4
Fc

EtOH
refluxing, 18 h

289
Ph

Ph

A single example of the synthesis of 1-ferrocenylpiperidine by
the reaction of chloroferrocene with piperidine in the presence of
butyllithium has been described.168

F e d + BuLi
THF,hexane,N2|

refluxing, 7 h

(9.3%)

Bis(ferrocenylcarbothionyl) sulfide thioacylates piperidine,
affording JV-(ferrocenylcartbothionyl)piperidine 291.169

291 (83%)

The mono- and di-lithio-derivatives of 4,4'-dimethyl-2,2'-
bipyridyL, generated by treatment with LDA, add to the carbonyl
group of compound 14, which leads to the alcohol 292a or the diol
292h. 1 7 0

n 14, n LDA, THF

CH2CHFc

OH

292a: n = 1,R

292b: • = 2, R

• Me (77%);
CH2CH(OH)Fc (55%).

292a,b

Bis(tri|)henylphosphine)palladium dichloride catalyses the
nudeaphilic substitution of the halogen atoms in 2,6-dibromo-
pyridine on treatment with ferrocenylethyne in the presence of
bases and copper(I) salts.171 After reaction for 1.5 h, the mono-
substitution product 293a is formed in 78% yield. When the
reaction is carried out over a period of 24 h, the disubstitution
product 293b is formed in 90.4% yield.

Br
+ Fc- ,

(Ph3P)2PdCl2

Cul, Et2NH

Fc—Cis= N R

293a,b

R = Br (a), C = C — F c (b).

It was shown in the same investigation that both bromine atoms
in 3,3'-dibromo-2,2'-bipyridyl are substituted by the FcC^C
group [the yield of 3,3'-bis(2-ferrocenylethynyl)-2,2'-bipyridyl was
89% after 48 h].
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The condensation of the aldehyde 14 with 2-methylpyridine
on treatment with sodium in liquid ammonia leads to the alcohol
294 in 57% yield.83 It may be dehydrated to 2-(2-ferrocenyl-
vinyl)pyridine 295 by treatment with tin(II) chloride.

14 +

Me

NaNH2>

NH3(1)*

HO

Fc
CH2

SnCb.HQ
Et2O *"

294

Fc—CH=CH

295(90%)

When an excess of sodium amide83 or sodium alkoxide in
pyridine84 is used, the alkene 295 is formed in 51% yield.
2-{2-Ferrocenylvinyl)quinoline has been obtained similarly (yield
94%).

The amide 297 has been synthesised by converting the
aldehyde 14 into an alkene by treatment with the arsonium
salt 296 in the presence of potassium carbonate in THF
containing traces of water.39

14 + PhsAsOfeCO—N \
Br- N — '

296

K2CO3, THF

N = C H + IT
COOEt

2-O2NC6H4,3-O2NC6H4>

4-HOC6H4,4-Me2NC6H4.

l,l'-Bis(hydroxymethyl)ferrocene is able to alkylate pyridine
at the nitrogen atom on activation with toluene-p-sulfonyl
chloride or thionyl chloride.173 The mixed salt 302 (X = OTs)
and a dichloro-derivative are formed in the first and second cases
respectively.

CH2OH

2OH

A,Py

A = 4-MeC6H4SO2Cl, X = OSO2C6H4Me-4;
A = SOC12, X = Cl.

Fc—CH=CH

297

The alkylation of the lithio-derivative of 4,4'-dimethyl-2,2'-
bipyridyl with 3-bromopropylferrocene affords compound 298.172

Fc(CH2)3Br
N.

CH2)4Fc

LDA, THF, hexane
3h

Me

298 (37%)

JV-(4-Ferrocenylphenyl)-2,4,6-trimethylpyridinium perchlor-
ate 299 has been obtained in 65% yield as a result of the
substitution of the oxygen atom in the heterocyclic nucleus of
2,4,6-trimethylpyrylium perchlorate on treatment with p-ferro-
cenylaniline.155

Me

-NH2

299

The 1,4-dihydropyridine derivative 300 is formed on cyclo-
condensation of the imines 301 with acetoacetic ester.155

The synthesis of compounds with fragments of viologens
(AW-dialkyl-4,4'-bipyridyls) linked covalently to photosensitive
groups constitutes a complex task. The study174 in which a
method was described for the preparation of the viologen-
metallocenes (ferrocenyl-containing viologens) 303 and 304,
capable of displacing hydrogen from water in the presence of
catalysts, is therefore of significant interest.

FcCH2Cl + N

FcCH2—N

/ 80°C,6h

303

DMF,N2

l)80°C,3h
2)20"C, 16 h

4C1-

Boev and coworkers42-45'143-144 investigated the reactions of
hydroxymethylferrocene and 1-ferrocenylethanol with six-mem-
bered nitrogen heterocycles in the presence of HBF4 or HCIO4.
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It was found that the reaction proceeds via a stage involving the
formation of the salts 129, which attack the heterocyclic
nucleophiles. This is confirmed by the finding that salts of
the heterocycles with HX obtained beforehand do not react
under the conditions investigated with the alcohols
FcCH(R)OH.144

R

Fc—CH—OH + HX

R

Fc—CH

129

R

Fc—CH—I

x--
20°C,0.25-2h

X -

R = H, Me; X = BF4, C1O4;

; N /> (66%); N ,>(96%); N^^Av^ !

Piperidine is alkylated similarly by hydroxymethylferrocene
in the presence of an acid.175

FcCH2OH FcCH2 *- FcCH2N )

(97%)

The aminals formed from the aldehydes 305 and piperidine
undergo transcondensation with acetone cyanohydrin, affording
the aminonitriles 306.l76

Fc—(CH=CH)n—CHO + HN

OH

f ) + Me2C—CN

305
\ / 20 °C

CN

Fc—(CH=CH)n— CH—N >

306: (95%, n = 0);
(87%, n= 1).

When the aldehyde 14 or the ketone 23 interacts with
phosphorous acid esters and piperidine, the oc-aminophospho-
nates 307 are formed.177 Of the two possible mechanisms (A and
B, Scheme 3), the first is preferable since it has been shown177

that piperidine does not displace phosphorous acid esters from
specially prepared a-ferrocenyl-oc-hydroxyalkylphosphonates
(150-160 °C, 10-12 h).

In the presence of trichloroacetic acid, electrophilic sub-
stitution in the ferrocene nucleus by treatment with

FcH + Bu'CCHO
CI3CCOOH

f

Fc—CH J X-

308
AcOH, 0 °C

Bu'

309

O
Scheme 3

Fc—^ + HN \ + HP(O)(OR')2

R ^ '

OH

Fc- + HP(O)(OR')2

Fc—^-P^-OR1 + HN
R OR1

OR1

O = P '
Fc-

R -o
307

R1 Yield (%)

H

Me

H

Me

H

Me

Me

Me

Me

Me

Me

Et

Et

Pr

Pr

Pr1

Bu

Bu1

55
50
76
56
80
52
43
45
45

trimethylacetaldehyde and subsequent protonation and dehydra-
tion lead to the salt 308, which is converted into JV-(l-ferrocenyl-
2,2-dimethylpropyl)piperidine 309 in 68% yield on treatment with
piperidine.178

The alkylation of piperidine by a-carbonium ion inter-
mediates (generated from the sulfides 310 on treatment with
mercury salts), leading to the amines 311, takes place similarly.179

Fc_iH_SCH2COOH

310
20°C, 16h

AX

Fc—CH—N \

311

R = H (30%), Me (90%).

On refluxing in methanol, piperidine substitutes the acetoxy-
group in compound 42.35

Me—CH
MeOH

PPh2

refluxing,
8h

42 312, (88%)
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Another method for the introduction of the piperidinyl group
into ferrocene derivatives involves the Michael addition of
piperidine to the pyrazolones 94, which leads to compound 313.69

Table 2. The reactions of l-ferrocenoyl-2-(/Mnethoxyphenyl)ethene with
nitrogen-containing heterocyclic compounds and guanidine.

Me- i=CH—Fc
H 2 N - Y Product

\ / 20 C, 1 h

Yield (%) Ref.

NH

R

94

Me-

Fc

CH-

Fc N NH2

L ^ N (318)

R

50 167

•Ph
Fc

R = Ph, 2,4-(O2N)2C6H3.
313 (45%)

N-
H

N

R (319)

A mixture of the two isomeric tetrahydroisoquinolinone
derivatives 314 and 315 has been obtained (in 10% and 81% yields
respectively) by refluxing the imine 316 and compound 317 in
benzene for 82 h.180

7 Y
\—O O

Y
Pr1 314

COOH

\-<S 6 315

Indian investigators167-181 made a detailed study of the reac-
tion of l-ferrocenoyl-2-(/7-methoxyphenyl)ethene with primary
heterocyclic amines and guanidine. The structures of the products
and the yields of compounds 318-322 are presented in Table 2.

V-CH=CH-^\
Fc/

-OMe
H2N-Y

318-322

289

The derivatives of dihydropyrimidine-2-thione 323-326 have
been synthesised by condensing <x,P-unsaturated cyclic ferrocene-
containing ketones with thiourea in the presence of alkali in
ethanol.182

I (CH2)n

HN NH

T
S

323a: R = R1 = H (95%); 324, n = 1 (95%), 2 (75%).
323b: R = H, R1 = OMe (95%);

323c: R = OMe, R1 = H (90%).

V N

H
y

R (320)

H

65

56

181

167

181

(321)

75 167

(322)

Note. The reactions were carried out in boiling ethanol for 18-24 h. The
group R in the reaction product is 4-MeOC6H4.

Fc

Me

i
HN NH

T
S

325 (76%)

HN NH

TT
326 (65%)

A series of similar compounds (compounds 327) have been
synthesised from the ketones 328 and thiourea with irradiation by
ultrasound (US).183

EtONa, EtOH
NH2 US,50°C,4- l lh

328

HN NH

T
327 (58%-79%)

R = Fc: R1 = Ph, 4-MeC<sH4,4-MeOC6H4,4-ClC6H4,

3,4-(OCH2O)C6H3;

R = 4-MeOC6H4, R1 = Fc.
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A wider range of the ketones 328 were later involved in this
reaction184'185 and conditions were found under which the
products 327 are obtained in yields from 70% to 95%. Here

R = Fc, R1 = 4-Me2NC6H4;
R1 = Fc, R = Ph, 4-FC6H4,4-IC6H4.-Q. Qr

OC" I "CO
CO

The synthesis of 5-ferrocenylmethylidenebarbituric acid
(yield 94%) by condensing barbituric acid with the aldehyde
14 has been patented.186

The coupling of ferrocenylethyne with 5-chloromercurio-
derivatives of uracil, cytosine, and adenine, as well as the
corresponding nucleosides, which leads to compounds having
the general formula FcC = C - R , where R is a group derived
from a heterocyclic base or a nucleoside, has been described.187

The adenosine derivative 329 has been obtained in 19% yield
as a result of the condensation of the aldehyde 14 with compound
330 and subsequent aromatisation under the influence of
palladium.188-189

NH2

HN=\
NH2

+ 14
H

O = P 6 OH

OH
330

a: NaOH, MeOH, 20 °C, 3 days; b: Pd/C, EtOH, H2O, 80 °C.

The dihydropyrimidine-2-thione derivatives 331 are formed
in 58%-79% yield on interaction of the ketone 332 with thiourea
or phenylthiourea.62

KOH, EtOH, H2Ot

NH2 refluxing, 3 h

332
3

N NR

FcCl

331

R = H, Ph .

High-molecular-mass compounds containing quinoxaline
nuclei have been obtained by the polycondensation of 1,2,4,5-
tetraaminobenzene or 3,4,3',4'-tetraaminobiphenyl with l,l'-bis-
(glyoxalyl)ferrocene.

The chloride of ferrocenecarboxylic acid acylates piperazine
or l-(2-aminoethyl)piperazine (at 25 °C for 24 h) with formation
of l,4-bis(ferrocenoyl)piperazine or l-(2-ferrocenoylaminoethyl)-
4-ferrocenoylpiperazine.190

Ferrocene derivatives containing piperazine fragments have
been synthesised by the nucleophilic substitution of the
N+Me3l" or OAc groups in compound 42 on treatment with
JV-methylpiperazine.35'36

refluxing, 8 h

Me—CH— N NMe

R1

R1

Ref.

P(O)Ph2

PPh2

H
PPh2

N+Me 3 I -
OAc

35
35,36

3 FcCH2NH2

l,3,5-Tris(ferrocenylmethyl)hexahydro-l,3,5-triazine 333 has
been obtained in 85% yield by the cyclocondensation of
aminomethylferrocene with paraformaldehyde.191

FcCH2. _^ .CH2Fc
PhMe N N
refluxing, 16 h II

NT

CH2Fc

333

Two methods of synthesis of ferrocenylpyrylium salts have
been patented.148 2,6-Diferrocenylpyrylium perchlorate 334 has
been synthesised by the reaction of the aldehyde 14 with
orthoformic ester in the presence of perchloric acid.

14 + HC(OEt)3
70% HC1O4

F c " " O " "Fc ClO;

334 (82%)

4-Ferrocenyl-2,6-dimethylpyrylium perchlorate has been
synthesised by another method—treatment of the lithio-
derivative 335, obtained from 2,6-dimethyl-4-pyrone and ferro-
cenyllithium, with perchloric acid.

FcLi +

Fcv OLi
HCIO4

M e " O" 'Me CIO4

336 (48%)

The thermal decarboxylation of the acid salt 337 in boiling
acetic acid in the presence of ferrocene leads to the formation of
the ferrocenylpyrylium salt 338 (yield 47%).150 The authors
postulate a mechanism involving the insertion of a carbene
intermediate in the F c - H bond.

The salt 338 has also been obtained as a result of the
interaction of acetylferrocene with the chalcone PhCH=CH-
COPh in the presence of perchloric acid.150
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- C O 2

FcH

Ph' Fc J

HCIO4

The interaction of the aldehyde 61 with the P-dicarbonyl
compounds 339 on treatment with acetic anhydride in acetic
acid can lead to various intermediates, which should be converted
into the pyrylium salts 340 or 341 on treatment with perchloric
acid (Scheme 4). It was found that treatment of the primary
reaction product with ammonium acetate affords 3-acyl-6-
ferrocenylpyrylium derivatives, which may be formed only
from the salts 341, demonstrating that the reaction proceeds
via route A147

C1

Fc

Scheme 4

V=CH— CHO +

61 339

(1) Ac2O, AcOH

heating for 5-8 min

(2)20°C,4-5h

B

R

Ph
Me
Me

V IS.

C1O4
340

R1

Ph
Me
OEt

-CH 2 -CMe 2 -CH 2 -

C1O4

341

Yield (%)

100
100
68
72

4-(2-Ferrocenylvinyl)-2,6-diphenylpyrylium 342 has been
synthesised by three procedures:149 by the reaction of the salt
343 with ferrocene (yield 55%), by the condensation of 4-methyl-
2,6-diphenylpyrylium perchlorate with the aldehyde 14 (yield
88%), or by the condensation with ferrocene and orthoformic
acid ester (yield 46%).

CH—CHOEt

C1O7 FcH, Ac2O

refluxing,

5 min

— C H O E t

Fc HC1O4>

l - E t O H

14, Ac2O

342

refluxing, 5 min

FcH,HC(OEt)3,Ac2O

342

refluxing, 5 min

4-(2-Ferrocenylvinyl)-2,6-dimethylpyrylium perchlorate has
been obtained by the last method from 2,4,6-trimethylpyrylium
perchlorate (in 52% yield).149

The 4-ferrocenylpyrylium salts 344 are formed in 81%-82%
yields on refluxing the corresponding 2,6-diphenylpyrylium salts
with ferrocene in acetic anhydride.149

FcH, Ac2O
refluxing, 3 — 5 min

X=HSO 4 ,C1O4 ,BF 4 .

The methyl group in 2-methyl-4,6-diphenylpyrylium tetra-
fluoroborate exhibits an enhanced reactivity and condenses with
the aldehyde 14 to form the derivative 345.192

Ph

14 +

In the presence of piperidine, the aldehyde 14 reacts with
3-acetyl-4-hydroxy-6-methyl-2-pyrone, affording the vinyl ketone
346.193

OH

X x O M e
14+ I I

Me^O^O " 2

CH=CHFc

3-Aryl-5-ferrocenyl-5-oxovaleric acids 347 are dehydrated by
trifluoroacetic anhydride and are converted into the dihydro-
pyrone derivatives 348 in 92%-98% yields.194
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O R

347

(F3CCO)2O, CICH2CH2CI

refluxiDg,3h

348

F cnn

R = Ph, 4-MeOC6H4,4-O2NC6H4.

The cyclodehydration of l-ferrocenylpentane-l,5-diol results
in the formation of 2-ferrocenyltetrahydropyran.96

The dehydration of the glutaric acid derivatives 349 by
treatment with trifluoroacetic anhydride in CH2CI2109 or
dichloroethanel95 with formation of the derivative 350 has
been described.

COOH

349

COOH

R1

(F3CCO)2Oi

20 °C, l h

The condensation of the ketone 23 with 6-formyl-l,4-
benzodioxane leads to compound 354 in 54% yield.112

23 +

OHC

Yield (%) Ref.

NaOH, MeOH, H2O

20°C, 12h

o
FcCH2 H

FcCH =
70
98

109
196

V - CH=<
Fc'/

CH

354

The ketoacid 351, obtained as a result of the acylation of
ferrocene with homophthalic anhydride, is converted into
3-ferrocenylisocoumarin on refluxing with a solution of HC1
in ethanol.196

The acid-catalysed transesterification199 of the acetal 355
leads to the 1,3-dioxane derivative 356.

OH

FcCH(OMe)2 + HO

355

356

O Thioacetylferrocene plays the role of the dienophile in
relation to cyclopentadiene.200 The adduct 357 is obtained
even at room temperature in the form of a mixture of the
endo- and exo-isomers.

Me

S

N2

20 °C, 25 min

The substitution of a hydrogen atom in compounds 352 by
the ferrocenylmethyl group has been achieved by treatment with
dialkylaminomethylferrocene derivatives in the presence of acetic
anhydride.197

1) Ac2O, MeOCH2CH2OMe

55 °C, 12 h

The reaction involving the conversion of the aldehyde 14 into
an alkene by the ylide 358 afforded 2-ferrocenylmethylidene-
1,3-dithiane 359 in 63% yield.201

2)20 °C, 12 h

/ S

14 + ( V=P('(OMe)3
\ s ' 20 °C

358

/— S

— *- ( V=CHFc
:, 25 min \ /

359

R = Me (70%), Et (66%), Ph (92%); R1 = Me, Et.

The tricyclic compound 353, containing a 1,4-dioxane
fragment, has been synthesised by heating 3,4,5,6-tetrachloro-
o-benzoquinone with 3-ferrocenylthiete.198

The preparation and certain properties of the isomeric cis-
and ?ra«5-l,3,5-trithiacyclohexanes 360, containing ferrocenyl
substituents, have been described.202

Fc

S + Fc

Fc

Fc

Fc

cw-360 trans-360
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The ratio of the cis- and ftww-isomers depends on the
medium in which the reaction is carried out. The ratio is 5:1 in
EtOH-HCl and 1:4 in concentrated HC1. When the reaction is
carried out in concentrated HC1 in the presence of
Na2S2O3-5H2O, mainly the cw-trithiane (yield 35%) and traces
of the trans-isomer are formed.202

The synthesis of 2-ferrocenyl-l,3,5-trithiane 361 from the
aldehyde 14 and bis(mercaptomethyl) sulfide 362 has been
reported recently.203

OH

i

14 + HSCH2SCH2SH •

362

Fc
£

S

361

The JV-acylation of morpholine by the chloride of ferrocene-
l,l'-dicarboxylic acid affords the dimorpholide 363 (yield
83%).204

Et3N,N2,PhMe^

1.5h

N O

The quaternary ammonium salt 42 alkylates morpholine,
whereupon the N+Me3l" group is substituted by the heterocyclic
group. The product 364 is formed in 92% yield.35

/ \ MeCN
+ HN >

Electrophilic substitution in the ferrocene nucleus on
treatment with the aldehydes 365 under superacid conditions
leads to the salts 129 (formed as a result of the acid-catalysed
dehydration of the intermediate carbinols), which are converted
on treatment with morpholine into a-morpholino-derivatives of
ferrocene 366, with yields of 49% to 59%.178

FcH + RCHO

365

R = Pr1, Bu'.

HSO3F, AcOHt

N2, -10 toO°C
20-40min

HN

Fc— CH |X-

129

R

Fc—CH—N O

366

The aldehydes 305 react with acetone cyanohydrin and
morpholine, which affords the aminonitriles 367 (yields
93%-96%).176

Fc—(CH=CH)B —CHO + HN O + Me2C—CNe2C—C
20 °C, 1 h

305

r
n = 0, 1.

Fc—(CH=CH)n—CH—N O

367

Compounds 368 have been synthesised by condensing
carbonyl compounds of the ferrocene series with morpholine
and phosphorous or phosphorothious acid esters.177205

OR1

Fc
O / v

— ^ + HN O + HP(X)(OR')2 • F C 4 - N W °
R

368

R1 X Yield (%) Ref.

H
H
H
Me

Et
Me
Et
Et •

S
O
O
O

60
55
SI
33

205
177
177
177

The addition of morpholine to the enones 94 leads to the
pyrazolone derivatives 369 in 47%-57% yields.69

Me- I=CH—Fc
+ HN O PhH t

20 °C, 1 h

94

Ar = Ph, 2,4-(O2N)2C6H3.

The chloride of ferrocene-l.l'-dicarboxylic acid acylates
thiomorpholine with formation of the product 370 (yield 85%).204

COC1

+ 2HN
Et3N,N2,PhMe

COC1

In the presence of alcoholic alkali, 10-acetylphenotbiazine
371 condenses with the aldehyde 14; the reaction product is the
unsaturated amide 372.66
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2-Ferrocenyl-l,3-dithia-5-oxacyclohexane 373 has been syn-
thesised from FcCHO and di(mercapto)ether 374.203

FcCHO + HSCH2OCH2SH

14 374

O

373

On treatment with ferrocenyllithium, 2,4,6-triphenyl-
phosphinine 375 gives rise to the anion 376, which, on
treatment with water, is converted into l-ferrocenyl-2,4,6-
triphenyl-l,2-dihydrophosphinine 377. As a result of oxidative
alkoxylation, the latter affords 1-ferrocenyl-l-methoxy-2,4,6-
triphenylphosphinine 378.206

+ FcLi

375

MeOH, Hg(OAc)2>

378

The interaction of the phosphorine 375 with l.l'-dilithio-
ferrocene takes place similarly.206 The diphosphorylated
ferrocene 379 is converted on treatment with water into the
dihydrophosphinine 380, which is converted into compound 381
after treatment with mercury acetate in ethanol.

H2O

2Li +

EtOH, Hg(OAc)2

Ph

The transmetallation
cyclohexa-2,5-diene 382
cenyl)borane leads to
2,5-diene 383.207

of 1,1,4,4-tetramethyl- 1,4-distanna-
on treatment with dibromo(ferro-
1,4-diferrocenyl-1,4-diboracyclohexa-

Me2Sn SnMe2 + 2 FcBBr2

382

One208 or two209 fluorine atoms in 2,2,4,4,6,6-hexafluoro-
cyclotriphosphazene 384 can be substituted by ferrocenyl groups
on treatment with ferrocenyllithium.

F Fc
\ /

FcLi

Et2O

25°C,4-6h

F F

384

F F
77%

F Fc
\ /

2 FcLi

Apart from the monosubstitution product 386 (yield 31%),
compound 387 was obtained (yield 20%) in the reaction of
ferrocenyllithium with 2,2,4,4,6,6-hexachlorocyclotriphospha-
zene 385. Compound 387 is evidently formed as a result of
the interaction of the product 386 with the initial cyclo-
phosphazene 385.209

Cl-

"N

Cl
7-NA"—a

Et2O, FcLi

20 °C, 17 h
a-

Cl Cl

•—Cl

Cl
385 386

Cl Cl
\ /

a-
r Cl

Cl Fc V
Cl Cl

Cl

-/-c,

387

The interaction of the hexachloro-derivative 385 with
l,l'-dilithioferrocene proceeds in a more complex manner: the
reaction products 388 and 389 contain a heterocyclic substituent
only in one of the ferrocene rings.209
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389 (40%)

Two methods of synthesis of 2,2,6,6-tetrachloro-4-ferrocenyl-4-
methylcyclotriphosphazene 390 were described in the same
investigation: by treatment with iodomethane of the product
of the reaction of FcLi with the hexachloro-derivative 385 or by
the reaction of 4-bromo-2,2,6,6-tetrachloro-4-methylcyclotri-
phosphazene 391 with FcLi.

1) FcLi
2) Mel

Me Br

385

Cl P ^ ^ P — C

Cl Cl

391

FcLi

Fc Me

Cl-

*N

Cl

1—Cl

Cl
390

Interesting and unusual heterocyclic compounds—
pyrazaboles 392—have been synthesised by the reaction of
3-ferrocenylpyrazole with trimethylamine-borane or trimethyl-
amine-diethylborane in boiling toluene.57

Fce
R , N ~ N v R

H
R

Fc

N—No

Reaction time/h

392

Yield (%)

H
Et 35

The interaction of diferrocenyldithiatetraazadiarsocine 393
with norbornadienechromium tetracarbonyl 394a or norborna-
dienemolybdenum tetracarbonyl 394b results in the formation of
the complex tetracarbonyl(diferrocenyldithiatetraazadiarsocine)-
chromium(0) 395a and the corresponding molybdenum(O)
complex 395b.15

Fc—As
r

As—Fc + (C7H8)M(CO)4
 ( 1 ) P h M e >

/ 70 °C, 1 h

S N 394a, b (2)20°C, 12 h

393

OC CO

395a: M = Cr(61%);
395b: M = Mo (57%).

VI. Compounds containing heterocydes with more
than six atoms
The synthesis of dihydro-l,2-diazepine derivatives 396a, b from
the diketone 397 on treatment with hydrazine or phenylhydrazine
has been described.181

+RNHNH2-H2O
AcOH, EtOH
refluxing, 4—5 h

397 OMe

396a: R = H, R' = Ac (50%);
396b: R = R1 = Ph(55%).

The l,3-dihydrobenzo-l,4-diazepin-2-one derivatives 398
have been synthesised in two stages: by treating the ketoamides
399 with liquid ammonia and the subsequent cyclisation of the
aminoketones 400 formed.210

NHCOCH2Br

Fc

NH3(l),CH2Cl2t

refluxing, 6 h

O
399

NHCOCH2NH2

Fc

AcOH, EtOH t

refluxing, S h

400

398(91%)

R = H, I .
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The Wittig insertion of the ferrocenylvinyl fragment into the
crown-ether derivatives 401 has been achieved211 by treatment
with the ylide 402 under an inert atmosphere in the absence of
light.

FcCH=CHR

R =

The crown-ethers 404, containing a ferrocenyl substituent,
have been synthesised (yields 25%-30%) by coupling the
ferrocenium cation with the diazonium salts 403.212

FcH+ (1) Cu, 0 °C, 0.5 h
RN2C1 — FcR

403
(2) 20 °C, 40 h

404

R =

The aza-crown-ethers 407 and 409 are smoothly alkylated by
ferrocenylmethyl(trimethyl)ammonium iodide, affording the
corresponding ferrocenylmethyl-substituted macrocycles.214

407+3 FcCH2NMe3I-
K2CO3,MeCN

refluxing, 48 h

Fc

N O
Fc

N O

^ O N—'
V_V\

r°
H—N N—H+ 2FcCH2NMe3I-

J
(86%)

K2CO3, MeCN

The ferrocene derivatives 406, containing two crown-ether
fragments in the molecule, are formed in 80%-85% yields as a
result of the acylation of the aza-crown-ethers 405 by the
dichloride of ferrocene-l,l'-dicarboxylic acid in the presence
of triethylamine.213

COC1

+ 2HNR 2

COC1
405

C°7L>
- N R 2 = — N v ^ (n = 1,2).

Three ferrocenoyl groups have been introduced into the
triaza-crown-ether 407 by treatment with the ferrocenecarboxylic
acid chloride in the presence of triethylamine and 4-dimethyl-
aminopyridine (DMAP) (the yield of the product 408 was
85%).214

3 FcCOCl + H —
r

O

o

NEt3, DMAP, PhMe, N>2

refluxing, 4 h

407

i—O N-

> f °>
F° ^ O N - /

Fc
408

409

r
- N

Fc
N -

Fc

(70%)

The ferrocenyl-substituted crown-ethers 411, containing
oxygen and sulfur atoms in the ring, have been obtained from
the aldehyde 14 by its conversion into an acetal with the aid of
the bismercapto-derivatives 410 in the presence of Lewis
acids.203-215-216

14 + HSCH2RCH2SH
410

BF3 OEt2,PhH,Et2p

20 °C, 5 - 1 0 days
Fc

411

R Yield (%)

OCH2CH2SCH2CH2O —
CH2OCH2 84
CH2OCH2CH2OCH2 72
CH2O(CH2CH2O)2CH2 92
CH2O(CH2CH2O)3CH2 62
CH2O(CH2CH2O)4CH2 64
CH2SCH2 31
CH2OCH2CH2SCH2CH2OCH2 78
CH(OH)CH(OHXCH2)2 —
CH2SCH2 —

The reaction of 2,2,4,4,6,6,8,8-octafluorocyclotetraphos-
phazene 412a with ferrocenyllithium results in the formation
of the products of the substitution of one or two fluorine atoms by
the Fc groups (Scheme 5).208'209

Treatment of a mixture of hexachlorocyclotriphosphazene
385 and octachlorocyclotetraphosphazene 412b with ferrocenyl-
lithium leads to the formation of compounds 413, containing
cyclotriphosphazene and cyclotetraphosphazene fragments in the
molecule.217
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Scheme 5

412a,b

(57%)

385 + 412b + FcLi

R = H, Cl.

Diferrocenyldithiatetraazadiarsocine 414 has been synthes-
ised in 73% yield from dichloro(ferrocenyl)arsine and compound
415.15

2FcAsCl2 + 2 Me3SiNSNSiMe3

415

Fc—As

Et2O

20 °C, 14 h

As—Fc

414

VII. Biological activities and applications of
heterylferrocenes
It has been found that many heterylferrocenes exhibit a
biological activity. Thus ferrocenyl-containing derivatives of
6-aminopenicillanic or 7-aminocephalosporanic acids have
been recommended as effective antibiotics and inhibitors of
P-lactamase.218219 The tetrafluoroborates and perchlorates of
benzothiazolium derivatives inhibits the growth of staphylococci
and streptococci as well as the yeast fungi of the genus
Candida.143 Derivatives of ferrocene-containing fragments of
the diethyl esters of phosphonic and phosphonothioic acids and
morpholine177 or 1,3,4-triazole205 as well as thiophene and
l,3-thiazolidin-2-one rings139 in the molecule exhibit an anti-
microbial activity against both Gram-positive and Gram-
negative microorganisms.

3-Ferrocenyl-l-(2-furyl)cyclopent-l-ene has been patented as
an agent counteracting the anaemia induced by iron deficiency in

the organism.106 The product of the condensation of 2,4,6-
trichloro-l,3,5-triazine with the disodium salt of ferrocene-1,1,'-
dicarboxylic acid is active against a series of bacteria.220

The nonsilver photosensitive compositions and materials
frequently include charge-transfer complexes (CTC). It has been
stated that CTC based on the copolymer of vinylferrocene with
JV-vinylcarbazole and 2,4,7-trinitrofiuorenone221 as well as the
copolymer based on 4-cyano(or phenyl)-3-ferrocenylisoxazolines
and CBr4 have been synthesised.131-222 The products of the
condensation of FcCHO with benzothiazole derivatives or with
l,3-diazolidine-2,4-dione have been recommended as compo-
nents of nonsilver photosensitive compositions.192 Compounds
containing the FcCH=CH groups and 1,3,4-oxadiazole rings may
be used as electrophotographic materials.137 Derivatives of 2,3-
bis(2-ferrocenylvinyl)quinoxaline are electrophotographic semi-
conductors and are used in compositions for the preparation of
effective and long-lived printing plates, which make it possible to
obtain many thousands of impressions.223

2-Ferrocenyl-l,4-dimethyl-5,6-benzoquinolinium iodide is a
dye for polyamide and polyester fibres.164 Derivatives of
ferrocene-containing quinoline and pyrazoline rings have been
recommended as cyanine dye-sensitisers.17-69'70 Ferrocenyl-con-
taining cyanine dyes with an indole ring fragment in the molecule
have been described.48

Heterylferrocenes are used as modifying agents which
improve the operational characteristics of rocket fuels and
explosive compositions. N-Ferrocenylmethylpyrrolidine has
been used as an additive improving the ballistic and mechanical
characteristics of rocket fuels.31'32 M-Bis^-ferrocenoyOpiper-
azine and analogous compounds,190 2-ferrocenyltetrahydro-
furan,224 and 2-ferrocenoyl-l-isopropenylcarbaborane225 may
be used to regulate the rate of combustion of rocket fuels based
on NH4CIO4. 2-Ferrocenyl-2-(hydroxypropyl)tetrahydrofuran
has been proposed as a catalyst for the combustion of rocket
fuel.102 2-Ferrocenyltetrahydrofuran increases the rate of
combustion of rocket fuel and its efficiency.226 5-Ferrocenyl-
methylenebarbituric acid is a catalyst of the combustion of
explosive compositions based on nitramines.186

Crown-ethers containing a ferrocenyl group are interesting as
regards practical use.212-213-216

The polymers obtained by condensing furfural with ferrocene
in the presence of AICI3 have been proposed as thermostable
and radiation-resistant coatings, adhesives, and insulators.228

6-(2-Ferrocenylvinyl)-2,4-diphenylpyrylium tetrafluoroborate
has been patented as a dye-hardening agent for gelatin in
photographic compositions.192 The polymer formed on heating
ferrocenyldihydrobenzofuranone in the presence of ZnCb or
AICI3 exhibits an effective thermal stability and may be used in
many fields: as a coating, as an adhesive, as an insulator, as an
ion-exchange resin, as a combustion catalyst, as films resistant to
irradiation, and as an inhibitor of the ageing of silicone rubbers
and other elastomers.228

Isoxazoline derivatives containing ferrocenylalkyl groups in
the 3-position exhibit pesticidal, herbicidal, acaricidal, and
fungicidal activities and are plant growth regulators.131 It has
been reported229 that the 4,5-diphenyloxazole derivative contain-
ing the NHN=CHFc group in the 2-position may be used to
combat plant viruses.
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Abstract. The results of studies on various properties of
polyacetylene by the high-resolution EPR method in the
2 mm wavelength range are surveyed and treated systematically.
The structures and dynamic properties of the paramagnetic
centres as well as the mechanism of charge transfer in the neutral
polyacetylene are discussed. The bibliography includes 76
references.

I. Introduction
During recent years, polyacetylene (PA) has attracted consider-
able attention by investigators because of the uniqueness of its
electrodynamic properties, which may prove promising in
molecular electronics. Thus when donor or acceptor dopants
are introduced, its d.c. conductivity changes by 10 -14 orders of
magnitude and reaches <Tdc « 105~107 S m" 1 . 1 " 3 PA is the
simplest conducting polymer in a large class of organic
conducting compounds (polyphenylene, polypyrrole, polythio-
phene, polyaniline, etc.) with similar magnetic and electro-
dynamic properties; this led to the most vigorous study of these
properties in relation to this particular compound.

The cis- and ?ra«*-conformations of PA are distinguished, the
latter being thermodynamically more stable.2'3 The morphology
of this polymer depends on the method of synthesis, the structure
of the initial monomer, and also on the nature and amount of the
dopant introduced. The polymer chains of PA are arranged
parallel to one another, forming a fibril several tens of
nanometres in diameter and several hundreds of nanometres
long. The longitudinal axes of the fibrils are usually randomly
oriented in space, but they can be partly or fully oriented during
synthesis or by stretching the resulting polymer. The polymer
chains in such fibrils are close-packed. The PA crystal lattice has
the following parameters: a = 0.761 nm, 6 = 0.439 nm, and
c = 0.447 nm (cis-PA) and a = 0.424 nm, b = 0.732 nm, and
c = 0.246 nm (trans-PA).4-5

In each monomer unit of PA, three out of four valence
electrons are in the hybridised sp2 orbitals: two electrons
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participate in the formation of two cr-bonds responsible for
the formation of the quasi-one-dimensional (ID) lattice, while the
third is involved in the formation of a bond with a hydrogen
atom. The last valence electron is in the 2pz orbital oriented at
right angles to the plane in which the remaining three electrons
are located. Thus the cr-bonds form a low-lying completely filled
valence band, while the it-bonds of the monomer units form a
partly filled conduction band. If the lengths of all the C - C bonds
were equal, then undoped trans-PA could be regarded as a
ID-metal with a half-filled conduction band. In reality, the
system represents a set of monomeric CH groups linked by
alternating double and longer single bonds, which execute
longitudinal vibrations. Such a system is unstable (Peierls
instability) and the alternation in it takes place almost without
energy expenditure. Calculation has shown6 that the degeneracy
of the system leads to the generation on the trans-PA chains (with
an energy expenditure of 0.42 eV) of nonlinear topological
excitations — solitons—with a spin s = j , an effective number of
C - C bonds N =a 15, an effective mass m* equal to six times the
free electron masses me, and a high ID-mobility. The energy level
of the solitons is located at the centre of the energy gap of the
polymer. This phenomenon determines to a large extent the
fundamental properties of trans-PA, including the relatively large
width of the energy gap, which is ~ 1.4 eV. Some experiments (see,
for example, Refs 7-9) yield the effective number of C - C bonds
TV « 50 and m* = (0.15 - 0.40)/ne.

The spin-charge conversion is characteristic of a single
soliton in trans-PA: the neutral soliton corresponds to a radical
with a spin s = j , whereas a negatively or positively charged
soliton lacks spin and becomes diamagnetic. Therefore, in n-type
doping, the energy level of the soliton becomes fully occupied,
whilst in p-type doping it becomes entirely unoccupied. For a low
level of doping, only some of the neutral solitons become charged.
With increase in the level of doping, all the solitons become
diamagnetic and their individual energy levels merge into the
soliton band located in the middle of the energy gap of the
polymer. The formation of the soliton band leads to charge
transfer by the spin-free carriers after the semiconductor-metal
transition. This conduction mechanism, which includes the
motion of charged solitons in an occupied or unoccupied
band, differs significantly from the charge transfer process in
classical semiconductors.

In PA, there is the possibility of the occurrence of various
charge transfer processes, which may be arranged in the following
sequence in order of their decreasing probability: ID-conduction
along polymer chains; charge transfer in hops between polymer
chains; tunnelling of the charge between highly conducting



82 V I Krinichnyi

domains of fibrils separated by regions with a lower conductivity;
or fluctuation-induced tunnelling of the charge between fibrils.

It is entirely evident that the contribution of each of these
processes depends on the properties of the initial polymer and
may change during its doping.

Conjugated polymers are characterised by the presence of a
jt-electron system and a partly filled band structure, which
determines important electronic properties of these systems. In
contrast to the classical semiconductors, apart from the activated
electron transport,10 in PA there is also the possibility ofphonon-
assisted charge tunnelling between the energy levels of solitons11

and of variable range hopping conductivity (VRH) n charact-
erised by different frequency and temperature dependences
o(ye,T). Such diversity of electron transport is associated
with the generation of nonlinear soliton-type excitations and
may be associated directly with the evolution of both the
crystalline and the electronic structures of the system.

Several theoretical approaches have been put forward for the
description of the mobility of the soliton in trans-PA. They were
developed in terms of the concept of the Brownian ID-diffusion
of solitons interacting with the lattice phonons13 and of the
scattering of solitons by optical and acoustic phonons in trans-
PA.14 One of them predicts a quadratic dependence of the
frequency of the ID-diffusion v1D = D1Dc^2 (Z)1D is the ID-
diffusion coefficient and c^ is the length of the soliton jump along
the polymer chain) on temperature. In the second case, the
dependences have the form v1D(7) ~ T~l/2 and v1D(7) ~ Tl/2 for
the optical and acoustic phonons respectively. Calculations
showed15 that the frequency of the ID-diffusion of the soliton
should not exceed the limiting value vfD = 3.8 x 1015 Hz near the
Fermi level.

Many fundamental properties of PA and other conjugated
polymers are determined by the existence in them of the localised
paramagnetic centres (PC) and/or such centres delocalised along
the polymer chains, so that the majority of the investigations of
these compounds have been carried out by the EPR method.16-n

We shall consider certain possibilities for the study of PA by this
method.

At relatively low measuring frequencies (ve ^ 10 GHz), PA
gives rise, like the classical n electron systems, to a single
symmetrical EPR line withg = 2.002634 ± 0.000015 « ge ,

18 The
g-factor deviates from ge mainly owing to some contribution by
the orbital angular momentum of the unpaired electron to its
overall magnetic moment. The EPR line consists of a super-
position of individual weakly resolved lines corresponding to the
hyperfine interaction of the spin with the carbon nuclei on which
the soliton is localised.

According to the model proposed by Su et al.,6 the defect-free
undoped cis-PA contains no paramagnetic centres and should
therefore be diamagnetic. In reality, cw-PA contains 5%-10% of
short segments of trans-PA, mainly at the ends of the chains 3'16

where the trapping of solitons is most likely.19 Such an isomer
therefore gives rise to a relatively weak broad EPR line, in
which the distance between the peaks is A2?PP = 0.6 — 1.0 mT
(g = 2.002634) and the hyperfine interaction tensor constants
are Axx = -1.16 mT, Ayy = -3.46 mT, and Azz = -2.32 mT20

(the x, y, and z axes are directed along the crystallographic a, c,
and b axes respectively). On thermal cis-trans isomerisation,
the concentration of paramagnetic centres increases from
N ~ 1018 spins g"1 (this is equivalent to one spin per
~ 44 000 CH groups) in cw-PA to JV~ 1019 spins g"1 (or one
spin per 3000-7000 CH groups) in trans-PA?1 This is
accompanied by a sharp narrowing of the line of 0.03-
0.50 mT.16-22 The latter quantity depends on the average length
of the frazw-sections and represents a linear function of the
concentration of the sp3-defects.23 A dependence of the type
ASpp ~ Z 2 3 has been obtained for PA doped with metal ions
having an atomic number Z.24 The line width of trans-PA
partially ordered by stretching proved sensitive to the direction of
stretching c of the specimen in a magnetic field with a strength

B0.
23-25~2S Thus, in the case of the parallel direction of the

external magnetic field strength vector relative to the c axis, the
line width is 0.48 mT, whilst in the case of the perpendicular
direction it is 0.33 mT.23

The EPR spectrum of trans-PA may be represented by a
superposition of the contributions of the trapped and highly
mobile solitons with concentrations /n and «2 respectively, the
ratio of which varies with temperature, and also of the
contributions due to other fixed centres, the appearance of
which is associated with the presence of traces of catalyst and/or
oxygen molecules. In n- and p-doping, the concentration of
paramagnetic centres in trans-PA changes monotonically for a
virtually constant g-factor,16'17 which indicates the retention of
the nature of the paramagnetic centres responsible for the EPR
signal.

Numerous studies on the paramagnetic susceptibility x of
neutral PA have shown17 that both its conformers exhibit Curie
paramagnetism (x ~ 7*"1) at T ^ 300 K, whereas, according to
the data of Tomkiewicz et al.,29 the magnetic susceptibility of
cw-PA does not obey the Curie law in the temperature range
4-300 K. The reasons for this discrepancy are so far obscure.

High-frequency magnetic field modulation as well as electron
spin-echo have been used to investigate the interaction of the
unpaired electron with other electrons or with the trans-PA
lattice. Since a neutral soliton has an electron spin interacting
with the spins of the hydrogen nuclei, its dynamics may be
investigated by complementary NMR and EPR methods.

The quasi-one-dimensional mobility of the soliton has been
investigated by NMR within the framework of the Brownian
ID-diffusion of the soliton.30'31 The dependence of the nuclear
spin-lattice relaxation time T{ on the precession frequency of the
nuclear spin T.X ~ vp

/2, obtained for undoped and doped trans-PA
specimens, corresponded to the characteristic spectrum of the
spin ID-diffusion. The frequency of the ID-diffusion of the
soliton in undoped trans-PA proved to be 6 x 1014 Hz (at room
temperature) and showed a quadratic temperature dependence.
Estimates showed30 that the rate of diffusion may increase by
more than three orders of magnitude following the introduction
of various dopants into the polymer.

However, it must be emphasised that the motion of the soliton
influences only indirectly the nuclear spin relaxation time. Since
the interaction of the diffusing proton with a fixed electron spin
is also characterised by the frequency dependence ij ~ v{/2,32 this
can lead to an incorrect interpretation of the results obtained by
NMR spectroscopy. Thus, on the basis of the kinetics of the decay
of the 13C NMR signal, it has been concluded33 that there are no
mobile unpaired electrons at all in trans-PA. However, according
to Ziliox et al.,34 this conclusion may be valid only for the specific
specimens investigated by Masin et al.33

The EPR spectroscopic method is a priori more effective in
the study of the dynamics of the soliton in trans-PA, since the
electronic relaxation times are unambiguously related to the
diffusion of the soliton.

The spin dynamics in trans-PA has been investigated with
the aid of low-frequency steady-state EPR26~28-35 '36 and the
spin-echo method.37"39 The relations T12 ~ v[j2 and vlD(T) ~ T2

(f] and T2 are the spin-lattice and spin-spin relaxation times)
were obtained by the first method in the frequency range
ve = 5 — 450 MHz. They indicate the lD-diffusional spin motion
in trans-PA with v1D > 1013 Hz and the anisotropy
VID/V3D = 106 - 107 (at room temperature). A similar frequency
dependence of the rate of diffusion has been observed also at
higher recording frequencies ve = 9 — 14 GHz.38-40 However,
the spin diffusion frequency determined by the spin-echo method
is v1D < 1011 Hz (at room temperature) and exhibits a more
complex temperature dependence.37

Thus the data obtained by different methods and by different
investigators concerning the dynamics of solitons in trans-PA are
extremely contradictory and do not always find an unambiguous
interpretation. EPR spectroscopy is the most promising method
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for the investigation of the composition and dynamics of the
paramagnetic centres. However, it suffers from considerable
limitations owing to the low spectral resolution and the high
spin-spin exchange at ve ^ 40 GHz. This prevents the separate
recording in trans-PA of localised and mobile 7t-radicals with
similar magnetic parameters.22

It had been shown earlier in relation to certain organic
radicals41-42 that in the 2 mm wavelength range there is a
significant increase in the accuracy and the information content
of the EPR method in the study of the structure and molecular
dynamics of radicals with g « ge in model systems and biological
polymers. The high resolving power of the method, attained in
this frequency range, converts the g-factor of organic free radicals
into an important information parameter. This makes it possible
to discover the anisotropic character of the slow molecular
motions, to extend the range of the measured correlation times
for the rotation of the radical, and also to identify the structure of
the radical and of its microenvironment.

The high spectral resolution of the EPR method in the 2 mm
range yields important information about the spin and molecular
dynamics in organic conducting compounds.43 The present
review is devoted to the consideration of the experimental
data obtained in the study of the structure and electrodynamic
properties of PA by two-millimetre EPR spectroscopy. The
theoretical foundations of the method have been described in fair
detail in a number of monographsf and will not therefore be
considered here.

II. Magnetic parameters of the charge carriers
in tfrans-polyacetylene
For a more correct determination of the magnetic resonance
parameters of the paramagnetic centres in PA, various films of
cis- and trans-PA were investigated over a wide EPR frequency
range.44

In the 3 cm EPR range (ve = 9.8 GHz), the cis- and trans-PA
specimens are characterised by a single symmetrical line with
g = 2.0026 and the width between the peaks A5PP = 0.67 mT
(cis-PA) and 0.22 mT (trans-PA) (Fig. 1). The latter quantity
exceeds the minimum width of the trans-PA spectral line,16 and is
apparently associated with the presence in the specimen of
oxygen molecules or shorter it-conjugated chains, but is within
the limits of the variation of the Ai?PP obtained for different trans-
PA specimens.22 This line is broadened by 0.05-0.17 mTat 77 K,
probably as a consequence of the decrease in the frequency of the
librations of the polymer chains and is additionally broadened by
0.1 mT when the polymer comes into contact with atmospheric
oxygen, apparently owing to the strengthening of the trapping of
the mobile solitons in trans-PA.45

An increase in the recording frequency to 37.5 GHz results in
a slight increase in the width of the lines in the PA spectrum
(Table 1) with retention of the symmetry.

In the 3 mm EPR range, the line width of the cis-PA spectrum
increases to 0.84 mT. This is accompanied by an additional
broadening of the high-field spectral peak owing to the
manifestation of the anisotropy of the g-factor. trans-PA is
characterised by a line with g = 2.00270, ABPP = 0.37 mT, and
the asymmetry factor A:B = 1.1 (the ratio of the amplitudes of
the high-field and low-field spectral peaks).

fJ D Memory Quantum Theory of Magnetic Resonance Parameters
(McGraw-Hill, New York, 1968)
B Ranby, J F Rabek EPR Spectroscopy in Polymer Research (Springer,
Berlin, 1977)
C P Slichter Principles of Magnetic Resonance 2nd Ed. (Springer, Berlin,
1978)
Theoretical Foundations of Electron Spin Resonance Ed. J E Harriman
(Academic Press, New York, 1978)

II

Figure 1. EPR spectra of cis-(I) and fnww-polyacetylene (II) recorded in the
3 cm (a), 2 mm (b), and 0.6 mm (c) ranges at room temperature under an
inert atmosphere. The positions of the components of the g-tensor of the
localised solitons (g^ and g±) and the gs-factor of the delocalised solitons
are indicated.

Table 1. The line widths (in mT) and the distances between the spin packets
(in Hz) for the paramagnetic centres in neutral polyacetylene at different
recording frequencies at 300 K.

Ve/GHZ

9.8
37.5
94.3

139
250
349
428

Afipp

I

0.70
0.75
0.85
0.95
1.82
2.42
2.53

II

0.25
0.30
0.45
0.61
1.60
2.52
1.91

AJ?PP

III

0.06"
0.11"
0.18
0.30
0.50
0.62
0.81

I

1.7
1.8
1.9
2.3
2.8
3.2
3 3

x 10s

II

1.0
1.2
1.4
2.2
2.8
3.5
3.1

III

0.8"
1.3"
1.7
2.2
2.9
3.2
3.7

Remarks. I — solitons localised in cis-PA; II — solitons localised in trans-
PA; III — solitons delocalised in trans-PA.
"Values obtained by extrapolation.

In the 2 mm range for the recording of the EPR spectrum,
there is a further increase in A5PP to 1.1 mT (in cis-PA) and 0.5 mT
(in trans-PA) accompanied by a more marked manifestation of
the anisotropy of the g-factor in cis-PA and a greater asymmetry
of the spectral line (A:B = 1.3) in trans-PA (Fig. 1).

In order to elucidate the possible dependence of the PA
spectral line width on the orientation of the magnetic field, a
study has been made46 of partly oriented cis- and trans-PA
specimens. The investigation showed that the line width in the
spectrum of the initial cis-PA specimen increases after slight
stretching of the film from 1.23 to 1.45 mT ( r = 3 0 0 K).
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The magnetic parameters of the partly oriented cis-PA did not
change significantly on varying the angle between the directions
of stretching and the external magnetic field, whereas the line
width in trans-PA changed nonmonotonically from 0.60 to
0.68 mT at room temperature.

With increase in the recording frequency, a further broad-
ening and a further increase in the asymmetry of the EPR spectral
lines of both conformers were observed (Fig. 1). Analysis carried
out by the method described by Lebedev and Muromtsev47

showed that the spectrum of cis-PA, presented in Fig. 1, may be
assigned to paramagnetic centres with the g-tensor components
gH = 2.00283(5) and g± = 2.00236(5) (gy and g± correspond to
the parallel and perpendicular directions of the external
magnetic field relative to the crystallographic c axis of the
polymer chain). The values of the g-tensor quoted exceed
somewhat the values of g|| and gx determined experimentally48

but are close to gy = 2.0034 and gx = 2.0028 calculated in
the same study for localised paramagnetic centres. The quantity
g|l differs from ge by Ag = 5 x 10"4. This deviation corresponds
to the excitation of the electron from the bonding <rc_c orbital to
the antibonding n* orbital with AEnK. = 21cAg~' = 14.4 eV
(here Ac = 3.6 meV is the constant for the spin-orbital inter-
action of the unpaired electron with the nucleus of the carbon
atom), which is close to the corresponding value calculated for the
C - C bond in it-conjugated systems.49 Other electronic transi-
tions with a greater A£y do not contribute significantly to Ag.
Thus the line form in the cis-PA spectrum as well as the
agreement between the experimental and theoretical values of
AEan. indicate the existence of localised paramagnetic centres in
this isomer.

The transformation of the line shape on cis- trans isomerisa-
tion of PA evidently indicates the appearance in the PA of
mobile paramagnetic centres with gs = 2.00268 (Fig. 1) during
the occurrence of this process. The similarity of the isotropic
g-factor of the localised paramagnetic centres [< g > =
i(g± +2g||) = 2.00267] and the g-factor of the delocalised
paramagnetic centres indicates the virtually complete averaging
of the components of the g-tensor of the mobile paramagnetic
centres owing to their ID-diffusion at a minimal rate.50

width of the lines of the localised paramagnetic centres is
described by the equation53

1
(1)

Computer simulation 44 confirmed this hypothesis. A similar
averaging of the components of the anisotropic g-factor was
recorded by ourselves also on 'unfreezing' the ID-diffusion of
polarons in other organic conducting polymers.43 Thus two types
of paramagnetic centres exist in undoped trans-PA, namely the
neutral soliton trapped at the ends and/or on short segments of
the rc-conjugated chain19 and the soliton moving along the
polymer chain with a frequency v?D > 2 x 108 Hz. The value of
vJD obtained is significantly less than the lower limit of the rate of
diffusion of solitons previously predicted.30 The concentrations
of the corresponding paramagnetic centres are nx = 1.1 x 10"3

and n2 = 6 x 10"5 spins per carbon atom. It is necessary to note
that the latter quantity is almost two orders of magnitude smaller
than the value predicted previously.18-51

Analysis of the form of the spectra of cis- and trans-PA
specimens by the method of Tikhomirova and by Voevodskii52

showed that, for ve ^ 140 GHz, the distribution of the individual
spin packets in their low-field sections is described by Lorentzian
(at the centre) and Gaussian (on the wings) functions. On the
other hand, the high-field parts of the spectra are characterised
by a Lorentzian distribution of the spin packets. This made it
possible to calculate the frequencies of the spin-spin exchange
vex between the localised paramagnetic centres in cis- and
trans-PA, which are 3 x 107 and 1.2 xlO8 Hz respectively.
These quantities are consistent with vex > 107 Hz obtained for
trans-PA.22 Thus, at a recording frequency ve > 16 GHz, the
distance between the spin packets Acy,y exceeds vex, so that the
spin packets may be regarded as virtually noninteracting and the

A5PP =
Ad);,

' 8 v m
(2)

where A.BpP is the line width in the absence of interaction between
the paramagnetic centres. Assuming that the relaxation time -tf^
of the delocalised paramagnetic centres is 1.8 x 10~7 s for
trans-PA at room temperature54 and taking into account the
strong interaction between solitons with different mobilities, it is
possible to calculate the line width in the spectrum of the mobile
soliton ABpp, which proved to be 32 uT. This quantity agrees well
with the line width in the spectrum of the mobile soliton
(12-38 uT) predicted by Holczer et al.22

The values of Aco,-,- calculated for the paramagnetic centres in
cis- and trans-PA by Eqn (2) are presented in Table 1. The table
shows that the isomerisation of PA is accompanied by a decrease
in Aco,-, for the paramagnetic centres in both conformers. Taking
into account the increase in vex indicated above, one may
conclude that the change of precisely these quantities is the
cause of the sharp narrowing of the EPR spectra (for
ve < 1010 Hz) during the cis-trans isomerisation of PA. This
conflicts with the view current up to the present time that the line
narrowing indicated above is possible only by virtue of the
'unfreezing' of the ID-diffusion of most of the solitons in trans-
PA 13,16,30

The dependences of the broadening of the lines of the
localised and mobile paramagnetic centres on the measuring
frequency are illustrated in Fig. 2. The latter shows that the line
width in the spectrum of the paramagnetic centres localised in
both conformers varies almost quadratically with ve, in con-
formity with Eqn (2), which constitutes additional evidence for
the weak interaction of the spin packets in PA. On the other hand,
the line width in the spectrum of the delocalised paramagnetic
centres increases in accordance with the law Afip°pb ~ v3j2, which
is a consequence of the stronger spin-phonon interaction in
trans-PA owing to the ID-motion of the solitons.

lg(<5AfipP/mT)

0.0

-1 .0

- 2 . 0
10.4 10.4

Figure 2. Logarithmic dependences of the broadening (5 ABpp) of the EPR
lines of the paramagnetic centres localised in rrans-polyacetylene (line 1)
and os-polyacetylene (line 2) (relative to the quantity A5pP measured at
9.8 GHz), as well as the paramagnetic centres delocalised in trans-
polyacetylene (line 3) (relative to the quantity A.Bpp measured at 94.3 GHz)
on the recording frequency at room temperature.

It is seen from the analysis of Table 1 that, at least for
ve < 140 GHz, the following familiar relation holds:55

(3)
V,D
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where yt is the gyromagnetic ratio for the electron. This follows
from the theory of random motion and characterises the line
narrowing in the EPR spectrum of a semiconductor when spin
ID-diffusion arises in the latter with an effective rate
v i D s i 2 x 10" Hz.56 We may note that another relation is valid
for spin 3D-motion:

"ID

This constitutes additional evidence for the ID-diffusion of
solitons in trans-PA. For ve > 140 GHz, Eqn (3) does not hold,
apparently owing to the similarity of the quantities ve and v'1D.

Fig. 3a presents the temperature dependences of the reduced
concentrations of the paramagnetic centres (N) of certain cis-PA
specimens, which can be fitted by the following function:

-=L)+BT- (1 2), (4)

where A and B are constants and Ea is the activation energy. The
first term of Eqn (4) is determined by the librations of the
polymer chains, the activation energies of which for different
specimens are 0.035-0.055 eV. A similar manifestation of the
electron-phonon interaction (mainly in the form of fluctuations
of the electronic polarisation energy of the order of several
millielectron volts) has been observed in organic crystalline
semiconductors.57 As can be seen from the figure, the activated
ordering of the magnetic moments of the spins makes the main
contribution to the paramagnetic susceptibility only at high
temperatures. In the range of temperatures below a critical
temperature Tc as 150 K, this process competes with others, in
particular with the process described by the Curie equation
\n = 1). The contributions of the processes involving the
orientation of the magnetic moments of the unpaired electrons
are different for different cis-PA specimens.

The concentration of the paramagnetic centres in the trans-
PA specimens is also characterised by an anomalous temperature
dependence (Fig. 3b). As in the case of cw-PA, the main
contribution to the paramagnetic susceptibility of trans-PA in
the high-temperature region comes from the first term of Eqn (4).
The increased value of £ a (£a = 0.06 - 0.19 eV) may be explained
by the increase in the rigidity of the polymer chains and in their
packing density on cis-trans isomerisation. This is apparently

also the cause of the shift of the critical temperature into the
region Tc « 250 K.

In contrast to cis-PA, trans-PA is characterised by a steeper
initial section of the N(T) curve at T < Tc. [The quantity n in Eqn
(4) varies from 1 to 4 for the trans-PA specimens obtained] and
reaches a plateau at T ^ 140 K. The latter fact is analogous to the
manifestation of the so called magnetic saturation. However, for
the given temperature range, magnetic saturation may occur
when the condition gfiBSB0 > kT is fulfilled, i.e. for Bo > 100 T,
which greatly exceeds the magnetic field strength Bo =% 5 T used
in our experiments. Most probably, this effect may be induced by
the significant increase in the concentration of neutral solitons
with an amplitude A and hence by the shortening of the
inter-radical distance R and the intensification of the inter-
action between these charge carriers with the probability
WK ~ Aexp(-2AR).5i Furthermore, the 'unfreezing' of the
ID-diffusion of a proportion of solitons at a rate v1D leads to
an additional increase in the probability of the intersoliton
interaction Wss ~ v1D ~ v°Dr~2 (see below). As a consequence
of the overlap of the wave functions of the unpaired electrons of
neighbouring solitons, their discrete levels, located in the energy
gap, are broadened and transformed into a soliton band of finite
width. As in the case of cis-PA, the constants A, B, and n are
determined by the different properties of the trans-isomer.

The study of trans-PA specimens lightly doped with iodine
vapour has shown54 that the form of the spectra and the ratio of
the concentrations of the mobile and localised paramagnetic
centres do not vary. This finding agrees with the earlier
hypothesis 45 of the existence in trans-PA of both mobile solitons
and solitons trapped in short conjugated sections of the chain.
Although the paramagnetic centres indicated do in fact have
different mobilities, in the course of the doping process they
acquire a charge with equal probabilities and become diamag-
netic.

The magnetic properties of PA thus depend significantly
both on the conformation of the polymer chains and on the
concentration and mobility of the neutral solitons. In the
cis-trans isomerisation of the initial PA specimen, the concen-
tration of the trapped solitons increases appreciably and mobile
charge carriers appear. The 'unfreezing' of the mobility of a small
proportion of the solitons does in fact increase the conductivity of
the film by several orders of magnitude. The transition to high
fields for the recording of the EPR spectra increases significantly
the resolution of the method and diminishes the probability of the

10 103/(7"/K)

Figure 3. Temperature dependences of the concentrations of the paramagnetic centres in specimens 2(1),4(2),6(3), and 5(4) (Table 2) of (a) cis- and
(b ) rra«.s-polyacety]enes relative to values measured at room temperature.
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interaction between paramagnetic centres having different
mobilities, which makes it possible to analyse more correctly
and accurately the magnetic properties of the localised and
delocalised solitons in PA.

III. Passage effects and the electronic relaxation
of the charge carriers in polyacetylene
With increase of the amplitude of the magnetic component of the
UHF field Bx, dome-shaped components with a Gaussian
distribution of the spin packets were recorded in the 2 mm
EPR spectra of cis- and trans-PA (Fig. 4).54-59 The intensity and
form of these components depend on the amplitude Bm and the
frequency wm of the HF modulation, the quantity Bx, and the
relaxation times of the paramagnetic centres. The appearance of
these signals is associated with the manifestation of the effects of
the rapid adiabatic passage of a nonuniformly ordered line.60

Such passage effects had not been recorded previously in the
study of PA in the frequency range ve ^ 37 GHz.16 The following
explanation of this finding can be put forward. The form of an
individual spin packet in PA is determined by a set of
time characteristics: t i ,
(yej?i)-', and Bi(dBo/dt)~l.

X2, (yeABpp)~ (yeBm \

0.5 mT

as a consequence of which the interaction between the spin
packets diminishes and they may be saturated under the usual
experimental conditions. When the conditions for the saturation
of the signal [s = re51(T1T2)

1/2 > 1] and for the adiabatic nature
of the passage of its envelope (yea>mBm < y\B\) are fulfilled
and also when the signal passage time exceeds the effective
relaxation time x = (TIT2)1/2, i.e. B,(d50/d0~' > T, there is insuf-
ficient time for the relaxation processes to influence significantly
the nature of the motion of the magnetisation vector M of the
paramagnetic centres during the period of its precession around
the direction Bm. The repeated passage through resonance leads
to the establishment of a stationary trajectory of the vector A/and
to the appearance of three components («i, «2, "3) of the
dispersion signal U with the shape function g(ve).

62

U = «1g'(ve)sin(com0 + M2g(ve)sin(com? - n)

(5)

along the z, —z, and — x axes respectively. These components can
be recorded separately with the appropriate tuning of the phase
detector of the instrument. The contribution of each component
Uj depends on the ratio of x to the rate of passage through
r e s o n a n c e Bi(dB0/dt)~l. E v i d e n t l y u2 = u} = 0 w h e n s-41.
In this case, the classical ux dispersion signal is recorded.
When the inequality B\(dBa/Ai)~^ > t holds, the vector M has
sufficient time to relax to the equilibrium state during each
modulation period and the U dispersion signal is determined
mainly by the components uigf(coe) and u}g(a>,.) with the
intensities at the centre of the spectrum (for v = ve)

= MonylBiBm and u3

At a low rate of relaxation, the spin 'sees' only an average
applied field and the signal is described by the integral terms of
Eqn (5) with the central intensities

and u3 = M0nylBiBmx2(4comxl)-

The case C^T! > 1 occurs for ew-PA, so that the dispersion
signal is determined mainly by the last two terms of Eqn (5).
Calculations have shown54'59 that in this case the relaxation times
may be calculated from the ratio of the central amplitudes of
these components by means of the following formulae:

3a>ro(l+6fl)
ylB\0Q{\+Q)

Q
1 2 - ^

(6a)

(6b)

where £2 = U3U2\ and fl10 is the value of the component B} for
which the condition u\ = —u2 holds.

In the EPR spectra of trans-PA, the passage effects are
manifested to a much lesser extent (Fig. 4). The condition
a>mTj < 1 holds for this substance, so that the relaxation times
can be calculated by the formulae54-59

Figure 4. In-phase (a, b) and quadrature (c, d) components of the first
derivatives of the dispersion signals of specimens of cis-(a, c) and trans-PA
(b, d) recorded in the two-millimetre EPR range for different values of
Si (mT): ( / ) 0.2; (2) 0.2-20; (5) 20.

On transition to high magnetic fields, the probability of the
cross-relaxation of the paramagnetic centres with s = \ and g « 2,
localised at a distance r1 2 , diminishes in accordance with the
law61

2<WmH,

2ct.m(M , 4- 1 1 M 2 )

(7a)

(7b)

The temperature dependences of the quantities T, and z2,
determined from the 2 mm EPR spectra of the specimens of cis-
and trans-PA of different thickness and obtained under different
conditions of synthesis, are presented in Table 2 in the functional
form xU2 = AT*. Fig. 5 presents the functions T, (7) and x2(T) for
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Table 2. Temperature

Specimen TI

;

/ a

2
2"
3
i a

i b

j a b

5
Jd

<5
7
8
8°

cis-PA
0.04
0.37
0.006
0.77
1.4

290
52
6.5

0.65
10
27
_

3125
1587
833

83

dependences of the

a

-1.6
-2.0
-1.4
-2.3
-2.3
-3.3
-2 .7
-3.6
_

-2.1
-2.6
-2.5
_

-3.5
-2.7
-2.6
-2.7

relaxation times [x, 2

T2

A

1.8x10-'
7 .7x10- '
1.5x10-'
1.0x10"'
9.5 xlO"8

1.7 xlO"8

1.2 xlO"8

4.2 x 10"'
_
9.6 x 10"'
2.8 x 10"'
2.4 x 10"'

_

3.4 x lO- 8

4.2x10- '
9.1 x l O - '
3.6 x 10- '

= AT'(

a

1.2
1.0
0.5
0.5
0.5
0.8
0.8
1.0

—
0.9
1.1
0.3

—

0.7
1.0
0.9
1.1

s)] for different cis- and

Tl

A

trans-PA
2.7

-
0.1

—
2.0 x 10~3

—
—
—
62
4.0 x 10-3

—
4.0 x 10-4

8.3 xlO-4

1.7 xlO-4

1.1 xlO-2

2.8 x 10-4

rra/w-polyacetylene

a

-2.6
-

-2.2
—

-1.7
-
-
—

-3.5
-1.5

—
-1.2
-1.3
-1.1
-1.9
-1.0

specimens.

T2

A

1.0x10"'
-
7.2 x 10-8

—
1.3 x 10-5

—
—
—
2.1
2.9 x 10-*
—
9.1 x 10-*
5.0x10-*
1.0 x 10-*
9.1 x 10-5

2.2 x 10-5

a

0.5
—
0.3

—
-0.9
-
-
—

-3.0
-1.0

—
-0.7
-0.6
-0.8
-1.2
-0.7

_

Remarks. The measurements were performed
ain the presence of atmospheric oxygen,
b after storage for 6 months under an inert atmosphere,

c after doping with iodine vapour up to a^ ~ 10 S m ',
dafter annealing under an inert atmosphere. Specimens 1-8 investigated
were obtained under different conditions and had different thicknesses.

lg(ti.2/s)
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- 6

- 7

100 200 300 T/K

Figure 5. Temperature dependences of the spin-lattice (t|) (lines 1 and 3)
and spin - spin (T2) (lines 2 and 4) relaxation times of cis-(lines 1 and 2) and
rranj-polyacetylenes (lines 3 and 4).

the cis- and fran-s-isomers of PA (No. 4 in Table 2). It is seen from
the data presented that the spin-lattice relaxation times of the
paramagnetic centres in both isomers diminish monotonically
with increase in temperature, whereas the spin-spin relaxation
times exhibit different temperature dependences in the case of cis-
and trans-PA.

It is necessary to note that the PA relaxation times are
effective relaxation times of the localised and mobile para-
magnetic centres. Therefore, under the conditions where the
dipole - dipole interactions of the paramagnetic centres in PA
predominate, one can write

(8a)

(8b)

.Xh2/cis Vt

) ^ ( 1 ' ( J 5

Ti y/ trans u i V loc \Ti ?/ mob

where n = nx + n2. This makes it possible to determine separately
the relaxation times of paramagnetic centres with different
mobilities in trans-PA, using the experimental quantities T|,
T2 , n, and ni/n2-

If the spin-lattice relaxation time is formulated as
xx = An~*v%T~y (A is a constant), then a varies from 0.7 to
1.0 in the temperature range from 330 to 90 K, /? is 3 for cw-PA
and —0.5 for trans-PA, and y varies from 1.4 to 3.5 for cw-PA and
from 1.0 to 2.6 for trans-PA depending on the thickness of the
specimen (Table 2). This shows that mainly Raman two-phonon
relaxation processes occur in cw-PA,61 whereas more complex
spin-lattice interactions take place in trans-PA. The latter factor
may be accounted for by the fact that a joint Raman spin-lattice
ID- and 3D-interaction of the immobilised spins with an overall
probability63

(k{ and k2 are constants) and diffusional modulation of the
spin-lattice interaction by the ID-motion of some of the neutral
solitons with a probability WD ~ vxj2 take place in trans-PA.M

Table 3 presents the temperature dependences of the
relaxation times of cis- and trans-PA specimens (No. 8,
Table 2) partly oriented by stretching. The data presented
demonstrate convincingly that the relaxation times T[(7) and
T 2(7) of the oriented cw-PA vary only slightly with the angle \j/
between the direction of the external magnetic field and the
direction of stretching of the specimen, whereas for the oriented
trans-PA film the relaxation times are functions of the angle \j/ as
a result of the ID-diffusion of a paramagnetic centre of finite
extent within the film.

It is essential to note that the relaxation times are important
parameters of PA, characterising its structural and conducting
properties. Thus it has been shown65 that an increase in
molecular mass diminishes the electronic spin-lattice relaxation
time of the paramagnetic centres in PA. This parameter should
therefore be sensitive to the degradation of the polymer. Indeed,
the storage of the initial cw-PA specimen for six months under an
inert atmosphere leads to a significant increase in xx owing to its
partial degradation (Fig. G).54-59

A similar change in xx is observed on irradiation of this
specimen with a beam of fast electrons at a dose of 1 MGy.
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Table 3. Temperature
as a function of the

^/deg

0
30
60
90

A

cis-PA
0.04

0.16

dependences of the relaxation times [t),
direction of stretching in the external

a

-1 .2

-1 .5

T2

A

4.0X10-8

2.7 x 10-8

2 = AT"(4)] of specimens 8 (Table 2) of cis- and trans-PA, partly oriented by stretching,
magnetic field.

a.

1 0.6

1 0.7

A

trans-PA
2.1 xlO~2

5.0 x 10-4

2.8 xlO-3

3.5 xlO-5

a

-2.0
-1.2
-1.4
-0.5

T2

A

2.4 xlO-3

1.0 xlO-5

1.5 xlO-5

5.2 xlO-5

a

-1.7
-0.5
-0.5
-0.8

- 4 . 4

0.4 0.8 dose/MGy

Figure 6. Dependence of the spin - lattice relaxation time T [ (T = 120 K) for
the initial cis-PA specimen (specimen 3 in Table 2, curve /) and after its
storage under an inert atmosphere for 6 months (line 2) and 12 months
(line 3) as a function of the dose of irradiation by a beam of fast electrons.

However, on irradiation of the specimen with an electron beam at
a dose of 0.50-0.75 MGy, the time xx remains virtually constant
during the above period of storage (Fig. 6). After more prolonged
storage of the initial specimen and the specimen irradiated with a
dose of 1 MGy, t] diminishes somewhat, which may be attributed
to some increase in the length of the chains and to the cis-trans
isomerisation of PA. This phenomenon demonstrates the
possibility of the effective stabilisation and even an improvement
of the electrodynamic characteristics of cis-PA when the latter is
irradiated with the optimum dose.

The increase in the concentration of paramagnetic centres on
cis-trans isomerisation of PA accelerates the spin-lattice
relaxation. Since in massive PA films with a low-density of
the polymer chains such isomerisation proceeds most readily,
longer f/ww-sections with an increased rigidity are formed in
them, and is accompanied by an increase in the activation energy
for the libration of the chains (£„). The latter quantity may be
determined by analysing the temperature dependence of the
width of the spectral line of a trapped soliton.54 Since the
unpaired electron, delocalised within the limits of a neutral
mobile soliton, has a finite density p(ji) on N hydrogen nuclei,
there is a possibility of their hyperfine interaction. In this case the
effective width of the delocalisation of the unpaired electron
N = p(n)~x in trans-PA can be found from the equation for the
Gaussian component of the line width66 A.BpP « Nl/2p(n) subject
to the condition X)p(«) = 1.

Figure 7 presents the T, - N - £a correlations for trans-PA
specimens of different thicknesses. It is seen from the figure that,
as the specimen becomes more massive, a tendency is observed
towards the acceleration of the spin-lattice relaxation processes
and towards an increase in the activation energy for the libration
of the polymer chains. This constitutes additional evidence for the
increase in rigidity, packing density, and length of the trans
chains with increase in the thickness of the trans-PA specimen.

lg(ti/s)
-4.0

-5 .0

-6 .0

o • /
t k 2
n • 3
O • 4

£a/MeV
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10 30 50 70 N (arbitrary
units)

Figure 7. Dependence ofthe spin-lattice relaxation time I] (T = 80 K) and
the activation energy for the librations ofthe chains £a on the effective spin
delocalisation length N in trans-PA specimens with different thicknesses
(um): (1) 90; (2) 110; (3) 350; {4) 180.

The correlations presented are useful for the standardisation of
trans-PA films.

It is essential to note that a light doping of trans-PA with
iodine vapour (up to <rdc « 10 S m"1) leads to a fourfold decrease
in the overall spin concentration and to a decrease in T2

approximately by an order of magnitude (Table 2). Some change
in Xi occurs on diffusion of atmospheric oxygen into the trans-PA
matrix. Taking into account the concentration dependence of this
quantity, one may conclude that the introduction of I2 and O2

molecules reduces the packing density of the PA chains and
increases the number of traps for mobile solitons.

IV. Dynamics ofthe soliton and the mechanism
of charge transfer in fmns-polyacetylene
The diffusion of the soliton along the polymer chain is charac-
terised by the translational propagator of motion Ptt(r, rQ, x). If in
the initial instant theyth particle is located at a point r0 relative to
the ;th particle, then the propagator defines the probability that at
the instant t = x the ith particle is located in the region r + dr
relative to the new position of the jth particle.

For the Brownian model of diffusional motion, the propa-
gator Pa(r, r0, x) constitutes the solution ofthe familiar equation

dt
• = Du£iP(r,r0,t), (9)

subject to the initial condition Ptr(,r, ro, t) = b(r—ro), where
Da = [Di], A = v,c, is the diffusion coefficient, v, is the rate
of diffusion, c, is a constant introduced owing to the discrete
nature of the system, and i is a unit vector of the molecular
coordinate system. In an explicit form, the above propagator for a
ID-system is given by the following relation:67
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P(r,r0,t)ID = (47IVHT)-'/2exp-'/2 [ - ^ exp(-vx t) , (10)

where V|| and vx are the rates of spin diffusion along the polymer
chain and between the chains respectively.

The diffusing soliton induces a local magnetic field Bux(f) at
the sites of other electron or nuclear spins, thereby influencing the
electronic relaxation times of neighbouring spins. The following
general expression may be written for the relaxation time:

t,,2 =/[/(<»)],
where /(co) is a function of the spectral density given by

J(a>)-r
J-o

G(x) exp(-i'a>T)dT. (11)

The autocorrelation function of the oscillating local field
for a discrete system is

= c, Y, £
where c, is the lattice constant for the discrete system, A(r, t) the
probability of finding the spin at a distance r at time t, equal to the
spin concentration per monomer unit «, and P(r) is the
probability of finding two spins at a distance r at time /.

For frequencies w -4 v^cj(r—ro)~2, the spectral density
function can assume the following form:

/(co) (13)

where n = nx + \f2~n~2 is the probability of finding the spin in
the initial instant in the position ru /1D(co) = (2jtV||Ve)~

1''2

for vx <i ve <̂  vy, and J1D(a>) = (2itV||Vx)~
1/2 for vx |> ve. The

expression under the summation signf can be written in the form

F(ro)F*(ryw(\r-ro\) =
(3 cos2 fl- I)2

r]r\

where i? is the angle between the vectors r\ and r2.
Since PA is characterised mainly by an anisotropic dipolar

(and to a lesser extent by an isotropic scalar) hyperfine interaction
of the electron (S) and nuclear (/) spins, in the case of the dipolar
interaction between equivalent spins (S = / ) , the equations for
the rates of electronic relaxation in a polycrystalline specimen can
be written in the form67

4/(2«e)] ,

5/(C0e) + 2J(200e)] ,

where

(14a)

(14b)

(here coe is the frequency of the precession of the electron spin and
m0 is the magnetic permeability in vacuo).

The anisotropic hyperfine interaction accelerates the electro-
nic relaxation by the amounts

\)n

+ 6J(wc + a>i) +jsa
1S{S + 1)« V V -J((oe - an)

e +coi)
Sz) - So'

(15a)

| Henceforth double summation will be designated for simplicity by

(15b)

(raj is the frequency of the precession of the nuclear spin and
a = \wt<?/ih/%n is the hyperfine interaction constant), whereas the
isotropic interactions of the electron and nuclear spins make an
additional contribution to the rate of electronic relaxation:

= \npa
2I{I+ J(we -

(16a)

(16b)

By setting the expression under the summation sum in Eqn
(14) equal to 2 x 1058 m"6 and that in Eqn (15) to 2.8 x 1059 nT*

(12) and also assuming that ((/z) - 70)((Sr> - S0)~
l = 0.078,35 one

can formulate simpler expressions for the rate of relaxation of
trans-PA with randomly oriented polymer chains:56

= 1.3xl016(vev'1D)-1/2(2.7xl04n+l)

+ (4.3xl04n+l)ve-
1/2]

(17a)

(17b)

In the case of the predominantly dipole - dipole interaction of
the paramagnetic centres, the equations for the rates of relaxation
of the partly oriented trans-PA. with a degree of orientation of the
polymer chains A consist of two components:

tr1 = AiA^MwjP, + 4J(2cot)P2], (18a)
+(1 - A)(&w2)[J{wt)P\ +4J(2we)P'2],

= 1 {Am2)[3J(Q)P0 + SJcojP, + 2J(2coe)P2\

(18b)

+ 5J(coe)P\ + 2J(2o)t)P'2],

where the constants P, and Pj correspond to the oriented and
randomly disposed polymer chains respectively.

If we put /><, = 4.3 x 1058 sinV, Pi = 4.8 x 1057(l - cosV),
P2 = 4.8 x 1057(l + 6 cos2^ + cos4iA), P'a = 1.6 x 1058, P[ =
2.7 x 1057, and P'2 = 1.1 x 1058 m"6,27 Eqns (18) can be written
in a simpler form:

5.0xl019/i(vev'1D)-1/2

x [6.8-^1(1.1-14.0cosV + costy)],

2.8 x i /2{ ^ 2

(19a)

(19b)

Figure 8 presents the temperature variations of the rates of
diffusion v1D and v3D calculated for the initial trans-PA specimen
(A = 0) (specimen 8 in Table 2) and for the same specimen with
polymer chains partly oriented by stretching (A = 0.07).

When the unpaired electron is delocalised over 15 carbon
nuclei, the rate of ID-diffusion of the soliton in the initial trans-
PA specimen is v1D = 0.25v'1DAf2 sg 5.6 x 10" Hz at room
temperature. The latter quantity is approximately two orders
of mag-nitude smaller than that obtained earlier by magnetic
resonance methods.22-35 Furthermore, the relation v[D(T) ~ T'2

does not agree with the existing theoretical ideas.13'14 The
anisotropy of the spin dynamics depends only slightly on
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11 .

10

Figure 8. Logarithmic temperature dependences of the quantities v1D (a)
and v3D(6) for a neutral soliton in the initial (line / ) and partly oriented
(A = 0.07) trans-PA with the crystallographic c axes oriented at the angles
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i// = 90° (line 2), 60° (line 3), 30° (line 4), and 0° (line 5) relative to the
external magnetic field. The temperature dependence of the quantity <rac,
calculated by Eqn (20b) for ve = 1.4 x 10" Hz, is shown by a dashed line.

temperature and amounts to v[Dv3i) > 30 in this specimen and to
10-104 in other trans-PA specimens,56 which is significantly less
than the values obtained previously.22-35

If the rates of spin diffusion are expressed in the form
v1D = AT~* and v3D = BT^, then the increase in the anisotropy
of the spin diffusion by three orders of magnitude in different
specimens is accompanied by the simultaneous increase in the
quantities a (from 2 to 5) and /? (from 0.4 to 7) at room
temperature. When trans-PA is doped, it becomes disordered and
the Coulombic and confinemental trapping of the charge
carriers increase.19 However, if these factors are neglected
and it is supposed that all the mobile carriers with the mobility
H participate in the charge transfer process, then the conductivity
of trans-PA, calculated from the equation a = Nefi =
Ne2viDcjk~lT'l(e is the electronic charge), does not exceed
0.02 S in" 1 at room temperature, which is several orders of
magnitude less than the value usually attainable for heavily doped
trans-PA.1 ~3 Furthermore, even light doping leads to a sig-
nificant alteration of the frequencies of spin diffusion in trans-PA
(Fig. 9). Hence it follows that, in order to attain a high
conductivity of the polymer, the condition of the multiple charge
transfer by each soliton within a limited section of the polymer
chain must be fulfilled.

The dynamic properties of solitons can be described more
correctly within the framework of the formal treatment
involving the isoenergetic intersoliton charge transfer proposed
by Kivelson.11 The essential feature of the method consists of the
phonon-assisted interchain tunnelling of the charge between the
energy levels of the solitons, based on the Coulombic interaction

100

Figure 9. Temperature dependences of the ratios of the quantities v1D

(line 1) and v3D (line 2) for a neutral soliton in the initial trans-PA to
the corresponding values for a soliton in trans-PA doped with iodine up
to <rdc ss 10 S m"'.

of the solitons having a charge q{ with ions having the opposite
charge q2 present in the undoped and lightly doped trans-PA. The
excess charge hq = qx— q2 may undergo a phonon-assisted
transfer, with a finite probability, to a neutral soliton moving
along a neighbouring polymer chain. If at the instant of such
transfer the neutral soliton is also located close to a charged ion,
the energy of the charge carrier before and after charge transfer
remains unaltered. In this case, the conductivity of the polymer
(the d.c. conductivity adc and the a.c. conductivity <rac) is deter-
mined by the probability that the neutral soliton is located near an
ion and also by the probability of finding its initial and final
energies within the limits of kT.n

")=°°T"• (20a)

r«nfl-nn)7(7iJ

T T"
(20b)

Here y (T) is the hopping frequency of the charge carriers, ki, k2,
and ^ are constants (fc, = 0.45, k2 = 1.39), t, = (£yd)' / 3- Z\\ and
£x are the average parallel and perpendicular lengths of the
soliton respectively, nn and nch are the numbers of neutral
and charged solitons per monomer unit, n0 is the relative con-
tent of the charged solitons, Kg = (^nn,)'^3 is the average
distance between inhomogeneities with a concentration « ;, and
Lc is the degree of polymerisation or the number of monomer
units in the polymer chain. A weak bond between the charge
carriers and the polymer lattice is characteristic of the case under
consideration, which results in the occurrence of hopping charge
transfer between relatively remote states of the soliton. The
temperature dependences presented above were obtained
experimentally in a study of lightly doped trans-PAl0-69 and other
conducting polymers.70-71 Fig. 8 presents the temperature depend-
ence of <rac calculated by Eqn (20b) with ve = 1.4 x 10 Hz,
n = 8.0, k3 = 2.9 x 1023 sK9, and a0 = 9.3 x 10"15 S s K m"1

({II = 1.0, <^x=0.25 nm, n{ = 1.3 x 1025 nT3, and
LQ = 2000) io.n.72,73 for th e im t i a i trans-PA specimen. As can be
seen from the figure, the v\D(T) and aic(T) relations are quite
satisfactorily correlated. Adopting <rdc ~ 10"3 S m"1 (see, for
example, Epstein10) and <rac ~ 3 S m"1 at T = 300 K (Fig. 8), we
obtain <Tdc/<7ac « 3 x 103, which agrees well with the value
calculated10 within the framework of Kivelson's theory u

(Ta c(v e - > OO)
104.
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This confirms the applicability of the approach used to the
interpretation of the transport properties of the soliton in trans-
PA.

In the initial trans-PA specimen, the crystallographic c axes of
the polymer chains are randomly oriented in space. It follows
from Fig. 8 that, under the conditions of the orientational
ordering of some of the polymer chains, the rates of the spin 1D-
and 3D-diffusion are sensitive to the rotation of the specimen by
an angle \j/ in the external magnetic field, apparently owing to the
finite length of the quasi-particles. The function v{D(^), i.e.

1DV (21)

where vJ'D(i/') and vfD(^) are extrema in the function v'1D(i/»), is
in the antiphase relative to v'3U(\j/). We may note that the effective
spin diffusion can be described with the aid of a similar relation
also in other low-dimensional systems.74'75 Thus the inequality
v'|D(i^) <| Vi"D(^) is evidence for the delocalisation of the
unpaired electron along the c axis within the limits of the
soliton. Bearing in mind the fact that the soliton hops are limited
by the interchain lattice constant and that the square of the length
of the average diffusional hop along the c axis is 0.25{N2c2), the
width of the soliton N can be calculated with the aid of the
following simple equation:46

(22)

Figure 10 presents the temperature dependence of the width
of the soliton calculated by Eqn (22) using the quantities v'JD and
VJD, found graphically with the aid of Fig. 8. The value N = 14.8
found for room temperature agrees well with the theoretical6 and
the earlier experimental45 values of N. Extrapolation of the N(T)
relation to lower temperatures makes it possible to determine the
temperature (To « 60 K) at which the width of the soliton begins
to increase. It is important to note that an anomaly in the
function v'1D(T) for trans-PA,31 accounted for by a change in the
mechanism of the electronic relaxation, has been recorded in
precisely this temperature range.

N

15

10

80 180 280

Figure 10. Temperature variation of the effective width N of the soliton in
trans-PA.

Thus the experimental data indicate the ID-diffusion of
solitons into trans-PA at a rate appreciably exceeding the
minimum rate ViD calculated above by Eqn (1). This conclusion
is confirmed also by the averaging of the components of the
g-tensor of the mobile paramagnetic centres when condition (1) is
fulfilled and by the narrowing of the line in the EPR spectrum of
trans-PA over a wide frequency range in conformity with Eqn (3).

However, the most obvious evidence in support of the
ID-diffusion of the soliton is the sensitivity of the quantities
v1D and v3D to the orientation of the polymer in the magnetic
field.

The familiar Burgers -Korteweg-de Vries equation, describ-
ing the ID-motion of unified waves in a nonlinear medium,
assumes the form76

8t
8u Q2u

(23)

where £, K, and fi are the parameters of the nonlinearity,
dissipation, and 'reactive' dispersion of the medium respectively.
In a dissipative system with a low nonlinearity (/? ss 0), there is a
possibility of the formation of a mobile front (kink) with the
difference u2 — «i- For such a quasi-particle, the stationary
solution of Eqn (23) assumes the following form:

(24)

2A&'

u{x, t) = 0.5(w, + u2) -

where

A = Uu2 - MI), VID = v?D+ \& (MI + u2), and Â  =

are the amplitude, velocity, and width of the kink respectively. If
the dissipation of the system is neglected (K « 0), then other
quasi-particles—solitons—are stabilised in the system. For a
family of such solitons, Eqn (23) has another integrable solution:

where

VID = and

(25)

P
v 1 D - v°ID

It is essential to note that relations similar to Eqns (24) and (25)
have been used6 to describe nonlinear deformations of the lattice
and electronic states of trans-PA.

The experimental46 functional relations vID(7) ~ T~"
and N(T) ~ T"12 (n « 2) yield for trans-PA a relation of
the type N2 ~ VJD • This means that the motion of solitons in
the given specimen, subject to the condition v1D <| vfD =
3.8 x 1015 Hz, can also be described by Eqn (23), which is
universal for nonlinear systems, with the stationary solution (25).
Evidently, different specimens of trans-PA may be characterised
by different sets of the constants s, K, and /? in Eqn (23), so that the
nature of the motion of the quasi-particles in these polymers may
differ somewhat from that described above.

V. Conclusion
It was shown above that the mechanism and rate of charge
transfer in PA depend on the conformation, packing density,
intramolecular dynamics, and lengths of the polymer chains in
the undoped sample. In ciy-PA, the neutral solitons are trapped in
short sections of the mww-conformer. As a consequence of this,
the probability of the intersoliton charge jump is exceptionally
low and <rdc ~ 10"" S m"1. In the course of the cis-trans
isomerisation, the length of the trans-chains increases, which
leads to the 'unfreezing' of the mobility of some of the solitons.
These quasi-particles acquire a charge and transport it along the
chain up to the section where its tunnelling transfer to another
soliton, moving along a neighbouring polymer chain, is most
probable. As a result of this process, characterised by a fairly
strong Raman interaction of the electron spins with the lattice
phonons, a sharp increase in the electrical conductivity of the
undoped PA actually occurs (up to <rdc ~ 10"3S m"1). It must be
emphasised that the mobile solitons play an indirect role in the
charge transfer in PA, so that the electron transport considered
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may operate only in undoped and lightly doped trans-PA. On
doping, the number of mobile and pinned paramagnetic centres
diminishes and the dimensionality of the system increases, which
alters the mechanism of the charge transfer.

The data obtained demonstrate the evident advantages of the
two-millimetre EPR spectroscopy in the study of different cis-
and ftww-PA specimens, which make it possible to analyse more
fully and correctly the magnetic and relaxation parameters of
paramagnetic centres with different mobilities and to obtain
information about the detailed characteristics of the molecular
and spin dynamics in PA. Evidently this method can be used
successfully also in the study of other organic polymeric
semiconductors.
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Abstract. The results of studies on the nonlinear theory of
sorption dynamics and chromatography under conditions of
interdependent sorption of the components are surveyed and
treated systematically. The principal properties of multi-
component dynamic sorption systems and of the results arising
from the nonlinear character of the mass balance equations
are analysed in detail. These nonlinear equations describe
the propagation and interaction of the multicomponent concen-
tration waves generated in the sorption column during the
chromatographic process for a multicomponent mixture of the
substances being sorbed. A series of solutions (including those
making allowance for dispersion factors in the sorption process),
describing the multicomponent concentration waves during their
propagation nonlinear multicomponent dynamic sorption sys-
tems, are considered. The bibliography includes 224 references.

I. Introduction
Chromatography describes a dynamic process in which at
least two phases (one of which is continuous and the other
disperse) move relative to one another and mass and/or heat
exchange takes place between their interfaces. The general term
filtration or percolation processes is frequently applied abroad
to such processes.1 There are phenomenological concepts,1

potentially common to all filtration processes, which can also be
extended to a whole series of other migration phenomena such as
sedimentation,2 electrophoresis,3 and others.1'4"6
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The increased loadings applied to apparatus and columns in
connection with the tendency to intensify modern technological
processes leads to the need to separate mixtures of substances at
high concentrations (including sorption separations).7"19 As a
result, in the analysis of percolation processes it is necessary to
take into account their nonlinearity and nonstationary nature and
also the multicomponent nature of the dynamic systems consid-
ered.

Even in one-component sorption systems, the effects of
nonlinearity play a major role, since they are responsible for the
tendency of the concentration wave generated in the column to be
stabilised or, conversely, to undergo progressive spreading.20 If
the substances sorbed do not interact in the column, the multi-
component system reduces to a one-component system. This
special case makes it possible to regard a multicomponent system
as a superposition of independent one-component systems. The
hypothesis that there is no sorption interaction between the
components usually holds in the case of analytical separations at
low concentrations and for small loadings applied to the sorbent
or in the elution version where the chromatographic peaks move
apart rapidly. For preparative separations, where at high concen-
trations of the molecules the latter compete for a limited number
of accessible sorption centres, this hypothesis becomes inapplic-
able.

When molecules or ions compete for sorption centres, one
may speak of the sorption interaction of species in the disperse
phase, i.e. of the mutual influence of the components during the
sorption process. This effect has been relevantly called the
'interference of species' in the monograph by Helfferich and
Klein 21 (see also Helfferich's review22). The same term is used in
the thermodynamics of irreversible processes 23 to characterise the
mutual influence of coexisting processes — the so-called 'cross
effects'.24

There exists yet another aspect of the interference of sub-
stances — the interference of concentration waves propagating at
different wave velocities during their generation, collision, and
interaction in the course of the sorption processes.2122
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process is completely analogous to the processes considered in
fluid mechanics and in gas dynamics.

In the general case, the interference of substances in a dynamic
sorption process can arise as a consequence of various types or
forms of interaction. Each of the mixture components may affect
the equilibrium interphase distribution of other substances (static
interference effects) and also the time required for the establish-
ment of equilibrium between the concentrations in the disperse
and continuous phases (kinetic interference effects). The mole-
cules of the substances may be transformed to another state as a
result of a chemical reaction (for example, on complex formation)
and under these conditions both static and kinetic interference
effects may arise.21'22

The static interference effects can be considered on the basis of
the ideal equilibrium model of the sorption system. Numerous
studies have been considered by the nonlinear theory of isother-
mal multicomponent sorption dynamics and chromatography
involving the application of the ideal model (see, for example,
Refs 20 - 22 and 25 - 73). In particular, the results of mathematical
investigations included the theory of systems of quasi-linear
equations in terms of partial derivatives have been used in such
studies.4-39-46'47'74-79

At the present time, the ideal model has been used successfully
for a qualitative explanation of a number of characteristics of the
behaviour of multicomponent sorption systems and in many cases
also for a quantitative prediction of the results. A further increase
in the complexity of the behaviour of multicomponent nonlinear
sorption systems is associated with the operation of interference
effects together with nonideality factors (a finite rate of establish-
ment of an equilibrium interphase distribution of substances,
longitudinal dispersion, etc.). The operation of the static inter-
ference effects is fundamentally nonlinear and plays the main role
in the behaviour of multicomponent concentration waves gener-
ated in the column. The additivity of the factors is impossible
under these conditions because of the fundamentally nonlinear
character of the multicomponent sorption systems.

The equilibrium properties of sorption systems determine the
static interference effects and also sequence, types, forms, and
propagation velocities of multicomponent concentration waves.
The kinetic and dynamic nonideality factors introduce second-
order changes under these conditions into the behaviour of
concentration waves. The equilibrium properties of sorption
systems determine the first statistical moment of the concentra-
tion waves, whereas the nonideality factors determine the second
and higher statistical moments.21

The successful solution of the problem of the interference of
substances and concentration waves together with the description
of the behaviour of multicomponent sorption systems in terms of
the propagating concentration waves became possible after the
introduction of the concept of'coherence'.21-22>35>36 This concept
was developed by Helfferich22-35-36'80-81 to facilitate the qualita-
tive understanding and quantitative calculations in the theory of
multicomponent nonlinear chromatography under arbitrary ini-
tial and boundary conditions. This general concept is fundamental
and is applicable to a large class of percolation processes of similar
nature.

For a compound multicomponent wave in a nonlinear sorp-
tion system, the state of coherence means that the concentration
waves for each individual component move jointly without
'splitting', and this implies that their velocities are the same at
each point. This leads to the problem of the determination of the
eigenvalues and eigenvectors in the mass balance equations for the
components.22-25"31-39 '46 '47 '74-79 The problems of the determi-
nation of the eigenvalues for the wave velocities in the theory of
multicomponent chromatography, in the fluids and gases
mechanic and in nonequilibrium thermodynamics are closely
related.

The coherence condition determines the response of the
multicomponent system to its perturbation and denotes the state
to which it tends. A closed system tends in exactly the same way to

attain a state of equilibrium, while an open system with fixed
boundaries and constant conditions imposed on them tends to
attain a stationary dynamic state.22-81

Preparative displacement chromatography, which deals with
large concentrations and a strong influence of interference, makes
it possible to achieve simultaneously enhancement of concentra-
tion and purification of substances. In preparative multicompo-
nent sorption and chromatographic separations, the large
loadings applied to the columns and the high concentrations of
the components to be separated are responsible for the specific
features of the multicomponent dynamic sorption process. These
specific features are associated with the interference of the species,
which is particularly significant for frontal, displacement, elution,
and vacancy versions.8'9-16

Nonlinear preparative chromatography, which makes it
possible to achieve good results in the separation of substances,
has undergone a fresh development recently. It has been applied
particularly vigorously in biotechnology.7-10-12,13,15,17-19
Despite the relatively high cost of the separation, it is more than
worthwhile because the final bioproduct is more expensive.10'' '•13

The aim of the present review is to present the state of the art in
the field of the theory of multicomponent nonlinear sorption
dynamics and chromatography and also to consider the funda-
mental theoretical features of the behaviour of dynamic sorption
systems in the separation of interfering species. In studies on such
systems, it is possible to distinguish three main aspects: statics,
kinetics, and dynamics of sorption.

II. Sorption statics
The statics of sorption processes is the study of the equilibrium
relations between the concentrations of substances in the contin-
uous and disperse phases. Under isothermal conditions, the
interaction of the mixture of sorbable species in the continuous
phase with the disperse phase determines the sorption isotherms of
the components. The sorption isotherms of the mixture character-
ise the fundamental thermodynamic properties of the system and
permit the calculation of the concentration distributions on the
basis of the solution of the mass-balance equations.

The chromatographic separation is based on the difference
between the equilibrium relations for the mixture of sorbable
components. The greater this difference the more effective the
separation of the components, other conditions being equal. In the
competition of different molecules for available free sites in the
sorbent, one may refer to the 'interaction' of the substances in the
disperse phase or to their interference,21'22 i.e. to the mutual
influence of the substances on one another's sorption.

Interference presupposes that the concentration of any com-
ponent ;' in the disperse phase (a,-) depends not only on the
concentration of this substance in the continuous phase (c,), as
happens in systems without interference, but also on the concen-
trations (c,) of all other substances, i.e.

i , . . . , c m ) , i,j= 1 ,2 , . . . , (1)

Thus the sorption isotherms for the mixture represent the depend-
ences of the concentrations of the substances in the disperse phase
on the mixture composition {ci,..., cj,...,cm} at a constant
temperature.

The number of multicomponent concentration waves arising
in the column is determined by the parameter which is called the
variance of the multicomponent sorption system.5082 The vari-
ance (m), the value of which is determined by the Gibbs phase
rule,83 '86 characterises the number of degrees of freedom of the
multicomponent system under isothermal conditions, i.e. it
characterises the minimum number of concentration variables
which determine the composition of the mixture at equilibrium. In
order to calculate the concentration distributions in the sorption
system with a variance m, it is necessary to specify m isotherms,
each isotherm ft representing a surface in a multidimensional
concentration space {c\,..., c/,..., cm}.
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Using the concentration distribution ratio a,/c,, it is easy to
determine the sequence of affinities of the substances for the
sorbent or, in other words, the 'affinity sequence' of the compo-
nents: 1, 2,..., n. The component i has a greater affinity than the
component j provided that the inequality atjci > aj/cj holds. Here
it is assumed that;' < j for the affinity sequence. The separation
factor a,y is defined as the ratio

of these substances tend to form complexes or aggregates in the
stationary phase.

Having expressed a, in terms of Cj with the aid of the Law of
Mass Action (LMA) [Eqn (2)] and having substituted this value in
Eqn (3), we obtain the Langmuir relations for mixture isotherms
reflecting the interference of substances in the m-component
system:21

ij = 1,...,» , (2)

where a,-,- = 1, a,, = I/a,-,-, and ay-a,* = a,*.
In the affinity sequence 1, 2,..., i, ...,j,..., n, the components

are arranged in the order of decreasing affinity.
When the mixture composition is varied, the positions of the

components in the affinity sequence may remain unchanged (we
have the so-called 'invariant' affinity sequence21) or it may vary.
The change in the affinity sequence is called 'inversion'33-87 or
selectivity reversal.52-88-89 It is remarkable that in certain cases the
components do not change positions in the affinity sequence for a
univariant system (when the mixture composition changes in the
binary i/j exchange of heterovalent ions), but in multicomponent
systems (for example, in the exchange of more than three ions)
inversion is possible.21-38

An even more complex variant of the inversion arises in
nonlinear ion-exchange systems, where the equilibria are compli-
cated by the occurrence of chemical reactions, in particular by
complex formation. In such cases, inversion is possible even in
systems with a variance m = 1, i.e. in two-component i/j systems.
Combined concentration waves, in which one region of the wave
tends to become sharper whilst the other undergoes progressive
spreading, may then be generated in the column.

The equivalence (stoichiometry) conditions

or

Y =• i,j = 1,...,« . (7)

The model of an ideal localised monolayer was introduced by
Langmuir90 for a single component, but the simplicity of the
analytical expression (7) for a mixture of substances 91 makes it
possible to employ it widely for calculations in the nonlinear
theory of multicomponent sorption dynamics and chromatog-
raphy (see, for example, Refs 92- 132).

The Langmuir relations (7) for physical sorption are written in
the form

Y, = - ;= \,...,m. (8)

!T;= 1, i= ! , . . . ,«, (3)

where y, = a, /«o and Xt = c, jco are dimensionless (normalised)
concentrations, are usually valid for ion exchange. When these
conditions are taken into account, the variance m of a stoi-
chiometric system in which n ions undergo exchange, is n— 1 and
the system must be regarded as an m-component system.

The relations

(4)

where s, j , k = 1,..., m, hold for the sorption of competing
substances. Thus, as a result of the competition of the compo-
nents for available sorption sites, an increase in the concentration
Ck leads to a decrease in the concentration aj for all j ^ k. The
greater the affinity of the fcth component for the sorbent, the
stronger this effect.

3a.-\ /6a, \
(5)

If the sign of the effect is reversed, then the sorption of substances
is called synergistic.

(6)

An increase in the sorbability of one component (J) with increase
in the concentration of another (k) may arise when the molecules

Langmuir's adsorption theory133 can be extended to the
adsorption of gaseous mixtures134-135 if it is supposed that the
molecules are adsorbed at specific sites and do not interact with
one another. These equations are referred to as the Langmuir
equations for the adsorption of a mixture of gases. Similar
equations have also been obtained in other studies 136-137 employ-
ing the Law of Mass Action.

For constant separation factors xjk, the Langmuir relations (8)
for an m-component system with nonstoichiometric sorption can
be formally reduced to the Langmuir relations for a stoichiometric
system with m + 1 components. For this purpose, it is necessary to
introduce a £th dummy species with a concentration c* and one
must put21

, = -°-a,* , Vt = bid = (a,*- \)X,, i = 1, 2, ...,k- 1,
C

Cln
(9)

Cln
rj = — a y + i * ' VJ - bJcj = (<*/+ \k— 1 ) A ) + i , j = k,..., m ,

Thus the stoichiometric system described by Eqns (2) and (3)
for the exchange of n equal-valence ions may be reduced to the
Langmuir sorption of a mixture of m components (where
m = n—\). The Langmuir equilibrium relations for a mixture
have been discussed in detail in a monograph.138 Various proper-
ties of the mixture isotherms, obtained with the aid of derivatives
of types (4) and (5), have been described.26 The Langmuir
relations (7) or (8) for the mixture isotherms satisfy all the
properties described in the above study.26

Several dynamic methods for the construction of isotherms on
the basis of column output curves have been developed for one-
component sorption systems, among which the elution 139-140 and
frontal analysis141-142 methods are the most popular. These
methods were updated later for the measurement of isotherms
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for binary and multicomponent mixtures.62-143"146 However the
frontal chromatographic method is fairly laborious, since it
requires a large number of measurements, pure substances, and
takes a long time. This method has been compared with one based
on the nonlinear wave effects involving a transformation of a
hodograph and the optimum experimental conditions for the
applicability of both methods have been determined.147

Analytical expressions for mixtures isotherms which could
be derived by the methods of statistical physics are lacking.
Phenomenological equations for the mixture isotherms, based on
the Law of Mass Action, are most widely used.

We shall consider systems in which sorption is stoichiometric
[i.e. Eqns (3) hold]. Any composition of a mixture of species can be
represented by a point in the 'composition space' {c,} or {a,}. This

term is applied21 to an m-dimensional («-dimensional for a
stoichiometric system) space, along the axes of which the concen-
trations of the mixture components Xj or Yt are plotted, as shown
in Fig. la for a three-dimensional (n = 3) space.

For the normalised concentrations Xi or Yt, the space of the
possible changes in concentrations is a cube for n = 3 and a
hypercube for n > 3, since the inequalities 1 ̂  Yt and Xt > 0 hold.
Eqn (3), defining the stoichiometry of the exchange, reduces the
dimensionality of the space of the possible changes in concentra-
tion to a hyperplane (for n > 3) P\... Pn, where, as can be seen
from Fig. la, at the points /", the concentration A",-(/>,-) = 1,
while the concentrations of the remaining components are
zero. This hyperplane is usually referred to as a 'simplex'.21

Figs la and 2 present examples of simplexes for a stoichiometric
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Figure 1. Representations of the characteristics of a three-component
stoichiometric system in the composition space and in the physical plane.
(a) the simplex PiPiPi for a two-component Langmuir system and the
characteristic Fk paths corresponding to simple fc-waves; (6) the Riemann
invariants space {hk} and the ^-transformation of the composition space
{Xi} (a) into the Riemann invariants space {hk} (b). Points Ms represent the
concentration plateau in the A:-wave; points Ns{hs

k} in the invariants space
{hk} correspond to points Ms in the concentration space {Xi} in Fig. la;

the arrows denote the directions in which the invariants hk increase along
the fc-wave; the condition Xi(P) = 1 holds at points Pi, whilst the
condition A, = ai,+ I is valid at points P\; (e) the concentration profiles in
the shock fc-wave MlM2 (k = 1) and in the spreading fc-wave M2Mm + <

(k = 2) corresponding to the M1M2Mm+1 route in Fig. la; CTI is the
velocity of the first shock wave and l\, ..., A7+1 are the velocities of the
second spreading wave; (d) is the image on the physical plane (Z,T) of the
propagation of the multicomponent concentration fc-waves (k - 1,2).
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calculations of concentration distributions.66 It has been
shown121 that type (10) relations describe the sorption isotherms
for mixtures of enantiomers, the first term corresponding to
selective chiral interactions and the second to nonselective
molecular interactions between the enantiomers and the station-
ary phase.

Generalised phenomenological equations, including Langmuir
and Freundlich relations as special cases, have been proposed:52-53

ktf'
i,j = 1, ..., m . (11)

In order to eliminate the thermodynamic inconsistency
mentioned above, the Langmuir multicomponent model (8) has
been supplemented by the theory of an ideally adsorbed solution
proposed by Myers and Prausnitz.151 A thermodynamically
consistent model of the competitive adsorption of components
has been proposed by LeVan and Vermeulen.150 The authors
introduced into equations (8) of isotherms for two-component
systems additional terms taking into account the difference
between the column capacities for each component. To a first
approximation, subject to the condition that the sorption capaci-
ties are the same for both components, the equations which they
obtained for the isotherms reduce to the Langmuir equations (8).
If the capacities for each component are different, then the
LeVan-Vermeulen isotherm 15° can be represented by a rapidly
converging series. In practical cases, this series can be restricted to
the first two terms

0.6 0.4 0.2

Figure 2. Hodographs for Langmuir two-component sorption systems
(8) {c,} and for the equivalent stoichiometric three-component systems (9)
{Xi}. (a) For the competitive sorption of the components (6,, bj > 0); (b)
for the synergistic sorption of the components (b, > 0, bj < 0). The
concentration points A, M, N, etc. correspond to different mixture
compositions in the chromatographic process (see text).

Figs \a and 2 present examples of simplexes for a stoichiometric
three-component (n = 3) system with a variance of two (m = 2).
Fig. 2 presents in the same region simplexes for a Langmuir two-
component system, which is equivalent [see Eqn (9)] to a stoi-
chiometric three-component system.21

The most frequently employed Langmuir multicomponent
model lacks thermodynamic rigour, since Eqns (8) expressed in a
general form do not satisfy the Gibbs-Duhem relations. Fur-
thermore, the Langmuir model (8) does not yield exact predictions
in calculations for elution chromatographic processes involving
large loadings62- 148 and does not take into account adequately
the experimental data for competitive adsorption.89-145-146

Nevertheless, in many special cases the Langmuir isotherm for
a two-component mixture describes experimental data satisfac-
torily.89

Phenomenological bi-Langmuir models for mixture iso-
therms, represented by the sum of two Langmuir relations, have
been proposed:121-149

V = 1 + blc1 +b2c2; w =

i,j=l,2,...,m, (10)

where the subscripts i\ and i 2 refer to different adsorption sites121

or to two different states of the molecules in the sorbent phase
(when complex formation takes place in the sorbent phase).149

Phenomenological equations of the mixture isotherms in the form
of the bi-Langmuir relations (10) are frequently used in numerical

axcx+a2c2

V-\ ''
( = 1 , 2 . (12)

When two one-component isotherms (for each individual
component) are different, then the theory of the ideally adsorbed
solution yields a numerical procedure for the determination of the
isotherms for the competing components. This approach is based
on the normalisation of the spreading pressure.151 It has been
shown'52 that the LeVan - Vermeulen model is consistent with the
Gibbs adsorption theory. Numerical calculation of two chro-
matographic peaks with the aid of expansion (12) demonstrates a
stronger displacement effect than could be predicted on the basis
of the traditional Langmuir adsorption isotherms. For certain
experimental systems, the application of isotherms (12) yields a
satisfactory approximation.89

Analysis of two-component models based on the method of
statistical thermodynamics shows that the equations of the
isotherms represent the ratio of two polynomials of the same
degree.153-154 In the special case of the Langmuir isotherm (8), this
is the ratio of first degree polynomials. In another model based on
statistical thermodynamics, which yields satisfactory results, the
equation of the isotherm has been represented by the ratio of
quadratic polynomials of the type.148-153

+b1c1 + b2c2
when / = 1,2, (13)

where kl2 = k2i and the coefficients of this equation are the same
as in the equation of a one-component isotherm for an individual
rth component. The coefficients ky and by must be determined
from experiments on the adsorption of a binary mixture.

Fowler's isotherm

- = *oexp[x,-(0, + 02 when i = 1, 2 , (14)
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where 0, is the ratio of the concentration of the component in the
disperse phase to the sorbent capacity and /, are numerical
coefficients, may be applied to the description of two-component
adsorption135 taking into account the competitive adsorption of
the mixture components. This isotherm is an example of an
implicit concentration dependence. The description of the adsorp-
tion of a binary mixture with the aid of Eqn (14) requires five
parameters: aoi, 002, Xi. X2, and bo.

A binary isotherm model, based on the ion-exchange formal-
ism, has been proposed.155

Certain models of isotherms for a two-component mixture
have been used in the frontal analysis of the output curves for two
components 156~158 for the determination of the constants in the
corresponding equations. The simplest model is described by the
two-component Langmuir relations (8) (for i = 1, 2). In a number
of cases, especially when the sorbent capacities are the same for
each component, this equation fits satisfactorily the mixture
isotherms,158 but it is more often inconsistent with experimental
data.146>1S7 The binary isotherms have been determined and a
comparative study of the four models (presented above) for the
description of the sorption of phenylethanols on ODS silica gel
has been made with the aid of the two-component frontal analysis
of the output curves.157

We may note that one of the principal problems in the theory
of the adsorption of mixtures — the prediction of mixture
isotherms based on statistical data obtained for individual
isotherms — has still not been solved.

In stoichiometric ^-component systems, for which any i/j
binary exchange obeys the Law of Mass Action in the form

when ij - ! , . . . , „ , (15)

(Kjj is a concentration constant), the relation between the concen-
trations Yt and {X\ ...Xn) cannot be obtained in an explicit form.
The equations of the mixture isotherms can be specified by
implicit relations, for example, Eqn (14) or by the combination
of Eqns (3) and (15). For systems involving the exchange of
heterovalent ions, the quantity 1/v, defines the valence of the rth
ion. In nonideal systems obeying the Law of Mass Action, the
concentration constants depend on the ratios of the concentra-
tions of the substances undergoing exchange.

The form of the sorption isotherm has a decisive influence on
the behaviour of the concentration waves in sorption columns.
The criterion of the convexity of the binary ///exchange isotherm,
derived by Samsonov,159 makes it possible to determine whether a
stationary concentration front for the i/j exchange of the compo-
nents may be established in the column. It is noteworthy that in a
binary system, where the equilibrium is described by Eqns (15), the
components do not change positions in the affinity sequence [i.e.
the f,/j binary isotherm is either concave (unfavourable) or convex
(favourable)]. In multicomponent systems (n > 3) of type (15),
there is a possibility of the inversion of the components.3738

Inversion takes place also in chromatographic systems with
complex formation.4866-82 In this case, the selectivity reversal
may occur even in a binary system. In other words, the/}// binary
isotherm for components i and j can be S-shaped or c-shaped
(with an inflection and an intersection of the diagonal). An
inversion of this type influences significantly the form of the
chromatograms owing to the appearance of combined concentra-
tion waves — partly stationary and partly spreading waves. The
occurrence of inversion also influences the form of the chromato-
graphic fronts also in adiabatic sorption columns, where the heat
changes may alter the relative affinities of the components for the
sorbent. This results in the appearance of combined (stationary-
spreading) concentration waves. Their formation may be regarded
as the manifestation of 'cross' effects, which are considered in the
thermodynamics of nonequilibrium processes.2324

III. Theory of nonlinear multicomponent sorption
dynamics and chromatography, concentration
waves, and velocities
Below we shall speak of the systems investigated as chromato-
graphic systems, emphasising thereby that the behaviour of
dynamic systems is considered, although the entire description
refers both to multicomponent sorption dynamics and to chro-
matography.

The nature of the motion, interaction, and spreading of
multicomponent concentration waves generated when a mixture
of sorbable substances moves through a disperse medium (and
hence also the separation of the substances in the mixture) depend
on the form of the sorption isotherms for the mixture and on the
nonideality factors of the chromatographic process. Such factors
include a finite rate of mass exchange between the mixture
components in the continuous and disperse phases (kinetic
inhibition) and the longitudinal dispersion (usually characterised
by the effective dispersion coefficient Z)/) of the substances in the
continuous phase arising due to various irregularities of the flow
in the porous medium of the sorbent (dynamic factor).

In the absence of nonideality factors, when the motion of the
mixture of substances is determined solely by the properties of the
sorption isotherms for the mixture, the nonlinear theory of
sorption dynamics and chromatography is described within the
framework of the so-called 'ideal model'.1- 20-22,25-73.80,81

In the general case, the theoretical solution of the problem of
the sorption separation of a mixture of interfering substances
requires the solution of a system of equations in terms of partial
derivatives of concentration functions — a system of nonlinear
material balance equations.

Many investigations have been based on a computer-assisted
numerical solution of such problems.95" 103.106-132,160-179 ^ n

analytical formulation of the mixture isotherms in the form of
the Langmuir relations (8) is usually employed in such cases. In
these investigations, the numerical simulation of various chro-
matographic regimes was based on mass balance equations.

Special mention should be made of the theoretical and
experimental studies carried out under the overall guidance by
Professor Guiochon, which were devoted mainly to the modell-
ing of chromatographic elution regimes for binary mix-
tures.106-122-156-158-167"173 In these studies, the numerical
calculation was based on the so-called 'semi-ideal model' of
sorption dynamics and chromatography in which all the spread-
ing effects are described by a single effective parameter character-
ising the column (the space integration increment t)-180> 181

Theoretical studies based on numerical calculations have
shown106 and experiments have confirmed ln-146-184"187 that
two new effects (which do not exist in the linear model of
chromatography) arise in nonlinear elution chromatography—
displacement and 'tag-along' effects.

Both effects are a consequence of the static effects of the
competition between the sorbable molecules of two elutable
components for available sorption sites. The displacement effect
results in a component with small affinity being 'forced out'
ahead, whilst the more effectively sorbed component remains
behind. The rear boundary of the first peak on the chromatogram
assumes the characteristic L-shape under these conditions.60 The
second effect is manifested in the form of a plateau of the second
component, which arises at the outlet from the column after the
completion of the output of the first component (the tag-along
effect). It has been shown58 that the experimental conditions
under which the second effect is significant lead to a decrease in
the displacement effect and conversely.60 It has been shown on the

t Previously a numerical calculation of this type, employing the space
integration increment, was described in the Russian literature and was
better known under the name iayer-by-layer calculation'.182-183 This
method can be applied only when all the mixture components have the
same nonideal parameters.
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basis of the ideal model using the Langmuir equation for a two-
component mixture115 that the intensities of both effects are
determined by the ratios of the loadings factors for each compo-
nent. {

In the case of mixtures with large amounts of components
having different properties, the numerical calculation is perform-
ed by the method of finite differences.95"103' »i. 132.168.174-179

Following the ideas of Helfferich and Klein,21 we shall
consider the propagation of concentration waves and dynamic
sorption processes in the sorption column. The velocity of the fth
species w, is the average velocity of the propagation of the
molecules of this species in the direction of the flow:

or in the dimensionless form

(16)

The species velocity «,• is lower than the flow rate UQ, since the
molecules of the ;th species, having spent some time in the sorbent,
are retarded relative to the flow. As can be seen from Eqn (16), the
species velocity is determined solely by the equilibrium properties
of the sorption system.

The concentration velocity — the velocity of the fcth wave
(/*) — has a physical significance only in the case where the
concentration variables {X,} have a gradient with respect to the
column length z (or with respect to the time t when the output
curve is considered). Similarly the velocity of the (shock) sih. wave
as may be determined if the corresponding concentration distribu-
tions have a discontinuity which is retained during the propaga-
tion along the column. The relations between the concentration
velocities kk and species velocities are derived from the material
balance equations.21'188

kk = Uk Yk
8C4

en'
J f c = 1 , 2 , . . . m . (17)

Eqn (17) represents the formulation of the material balance
equations in terms of the velocities. It is completely analogous to
the relation known in fluid mechanics.4'189 This expression relates
the rate of propagation of a given density to the particle velocity
and density. Velocities of the wave (/*) and the particle (Uk) have
always been distinguished in fluid mechanics and the same
difference exists also in the theory of chromatography and
sorption dynamics.1-21

According to Eqns (17), the velocities of the wave and the
substances differ both in their significance and in magnitude. Thus
the sorbable molecules (or ions) may spread with a velocity Uk

greater (or smaller) than the velocity of the wave kk moving from
the larger to the smaller concentrations or conversely. In con-
formity with the requirement of continuity of flow, the velocity of
the molecules then increases (or diminishes) relative to the velocity
in the concentration profile along the wave. This leads to
sharpening or spreading effects in the concentration waves, to
the instability and abolition of the shock waves (or, conversely to
their stabilisation and conservation), and to the accumulation (or
depletion) of the species in the region of the concentration
plateau.21

t The loading factor is the ratio of the volume of the injected mixture to
the column capacity.61"5

IV. A model of ideal equilibrium sorption dynamics
and chromatography
Within the framework of the ideal model of nonlinear equilibrium
sorption dynamics and chromatography (in the absence of kinetic
and dynamic effects of nonideality), the principal parameters
determining the behaviour of multicomponent concentration
waves are the sorption isotherms of the mixture components.
Interference of the substances leads to nonlinear effects on the
concentration waves. The ideal model has been developed by
numerous investigators. 1.20 - 22.25 - 73

The operation of the nonideality factors (kinetic retardation
and longitudinal dispersion) leads to the smoothing of the
nonlinear effects and to the asymptotic establishment of a stable
('coherent')21'22 stake in the system. For example, instead of the
shock concentration waves, diffuse stationary waves are formed at
the asymptotic stage. However, the nonideality factors cannot
alter the fundamentally nonlinear influence of the static effects
due to the interference of substances.§

In general mathematical terms, multicomponent nonlinear
chromatographic systems are described by a system of nonlinear
equations in partial derivatives with respect to functions
(concentrations in sorption dynamics and chromatography)
which depend on two or more independent variables (time and
distance in sorption dynamics and chromatography). The assem-
bly of functions describing the behaviour of the system cannot be
obtained by the superposition of the solutions of individual
equations in the system for each function separately. Any
disturbances in the initial conditions generates a complex
response in the system, which is described best on the basis of
the theory of propagating multicomponent concentration
w a v e s 4,21,22,46,47,50-73,80,81 T h e t e r m < w a v e ' i s defined for

sorption systems as the variation of concentration functions.77, 193

V. Concentration waves in multicomponent
chromatographic systems
In terms of the approximation of the ideal equilibrium model, the
system of material balance equations for the components being
sorbed under isothermal conditions assumes the following form in
the case of a stationary disperse phase:1-20*22'25"74

«= 1,2,..., (18)

For the adjusted time T = co(uot-z) and the normalised
concentrations X, = <r,/co and Yt = a,/ao, these equations are
written in the form.21-22

dz
= 0 . (19)

Here e is the porosity of the bed and u0 the linear flow rate.
Allowance for the interference of the substances requires the

simultaneous solution of Eqns (18) [or (19)], which constitute a
system of quasi-linear partial differential equations. The charac-
teristic paths or concentration velocities ~/,k = (dzjdz)k play a
decisive role in the solution of such systems of equations.

§ After the introduction of kinetic equations of specific type or abnormal
static relations for multicomponent systems with subsequent solution of
characteristic equations, complex values have been obtained l 9 ° - 1 9 2 for
the wave velocities Xk. This leads to variable-amplitude concentration
oscillations within the waves. In practice, however, such theoretical
regimes have not been observed hitherto. Furthermore, it has been
shown,50 on the basis of thermodynamic considerations, that only
concentration waves with different wave velocities (the characteristic
values of Xk are real and different) can theoretically be generated in
chromatographic systems.
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The characteristic equation of system (19), which defines these
paths, assumes the form21-74"79

\A-XI\ = 0, (20)

where \A\ is a matrix of the type \A\ = \8Xi/QYj\ and j / | is a unit
matrix. The characteristic values (or eigenvalues) Xk(k = 1,..., m)
are solutions of Eqn (20). A multicomponent wave of the fcth kind,
which will henceforth be designated as the fc-wave, corresponds to
each eigenvalue of the concentration velocity A*. In the general
case, the number of characteristic paths (A*) is equal to the
variance (m) of the chromatographic nonlinear system.

The dynamic behaviour of such nonlinear multicomponent
sorption systems is determined by the topology of the character-
istic paths in the composition space. These topologies for different
nonlinear systems with a variance m — 2 are presented as clear
examples in Figs 1 - 4 and will be discussed below.

For multicomponent Langmuir sorption systems (8) [or the
equivalent ion exchange system (2), (3)], the characteristic equa-
tion corresponding to Eqns (19) has the simple form.21' 35-39

where; = 1,..., n . (21)

The function H describes the transition from the composition
space {X,} (Fig. la) to the functions space {hi} (Fig. Ib) — the
Riemann invariants.21 It has been shown21 that the reverse
transition from the invariants space {hi} to the composition
space {Xi} or {y,} is described by the relations

, i,j=l,2,...,n, (22)

where the symbol J J ^ , = AxA2-.-An denotes the product of all
the quantities At. •

The system of Eqns (18) or (19) is called hyperbolic in a narrow
sense — when all the eigenvalues Xk are real and different:47

X\ < X2 (23)

These values define the multicomponent concentration waves
propagating different velocities Xk (Fig. lc).

Using the principal ideas of thermodynamics and the stability
criteria for thermodynamic multicomponent systems, Kvaalen et
al.50 showed that the roots (eigenvalues) of the characteristic
equation (20) are real, positive, and different for physically real
sorption systems. The different types of behaviour of multi-
component sorption systems with complex and multiple eigen-
values have been examined theoretically in a number of
studies.103-190-192

The concentration waves formed in a sorption column will be
the subject of further exposition and we shall therefore discuss
briefly this concept. There is no unique definition of the waves. A
wave has been defined in a monograph193 as any distinguishable
signal propagated from one part of the medium to another at a
certain definite velocity. Such a signal may be a perturbation of
any kind (for example, a pulse or a step) subject to the condition
that the perturbation may be clearly distinguished or its location
can be determined at any specified instant. The signal may be
distorted or its magnitude may change but it must remain
distinguishable. For example, a concentration plateau cannot be
a wave. The usual subdivision of waves into two classes —
dispersing and hyperbolic waves — is not exhaustive, since there
are exceptions which do not correspond to either one of these
classes. Mainly hyperbolic concentration waves are formed in the

sorption column. There is a clear definition of hyperbolicity47

associated with the difference between the characteristic values Xk
[see Eqn (23)].

One of the most interesting phenomena in nonlinear sorption
systems in the absence of nonideality factors is the shock waves,
which represent sharp discontinuities (jumps) in concentrations
(for example, the M^M1 wave in Fig la). Shock waves arise in
nonlinear systems when waves 'overlap'4,21,47,193 0T^ j n other
words, when the characteristics intersect on the physical plane
(Z,T ). Shock waves may appear and be propagated even when they
are not induced by an initial discontinuity. After the appearance of
a discontinuity, the shock waves in nonlinear systems are not
disrupted on further propagation, except under certain stability
conditions.21-39'74'78'79 For essentially nonlinear systems of the
hyperbolic type, such conditions have been introduced 193 and
called the entropy conditions. The term 'Lax's conditions' is
frequently used in the mathematical literature.79 These condi-
tions have a simple physical significance — a shock wave is stable
if

(a) the i-wave 'overlaps', i.e. the characteristics of the same .sth
kind intersect on the physical plane (z,t), forming a discontinuity
line or a shock line a (see Fig. Id) and

(b) the (s — l)-wave cannot catch up with the given 5-wave,
which in its turn cannot catch up with the next (faster) (s + 1)-
wave (Figs lc and Id).

When applied to sorption dynamics and chromatography,
Lax's conditions are sometimes referred to as 'convexity condi-
tions' for the isotherms98 ~I03' •63 ~'65 by analogy with a univariant
(m = 1) system in which a shock sorption boundary of one
component arises for a convex J[c) isotherm.20

Chromatographic systems where the equilibrium is described
by the Langmuir relations (8) are an example of hyperbolic, truly
nonlinear systems. For more complex nonlinear systems, having
linearly degenerate regions, the stability conditions are subject to a
greater number of limitations.78'79-98-" In these systems, there is a
possibility of the appearance of combined concentration waves in
which the discontinuity is in contact with a spreading wave of the
same family. Contact discontinuities of this type may be formed in
chromatographic systems in the presence of regions of selectivity
reversals.

On the discontinuity line a (see Fig. Id), the material balance
differential equations are invalid. They must be replaced by a
conservation law expressed in an integral form.47-75> 76- 79 In the
integral form, this law does not lose its significance for discontin-
uous solutions and gives rise to relations between the concentra-
tions on the plateau to the left (Xs

h Yf) and to the right
(X*+1, YSj+1) of the discontinuity in the shock i-wave (an
example of the concentration plateau is presented in Fig. lc,
Ml M2 wave). These relations are independent of the number (/) of
the component, so that for any i andy the following relations are
valid:

AX(

(24)

AXt = - X',,

which are called in mathematics the Hugoniot or Rankine-
Hugoniot condition,4-47 whilst in the theory of chromatography
they are referred to as the compatibility condition41-43 or the
integral coherence condition.21 These relations form a system of
algebraic equations, with the aid of which it is possible
to determine the composition {X*} on one side of the disconti-
nuity, provided that the velocity of the shock waves as and the
composition {X*+l} on the other side of the discontinuity are
known.

For a deeper understanding of the behaviour of concentration
waves in multicomponent systems, analysis of the nonideality
effects is necessary.
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The shock concentration waves are an idealisation. When
account is taken of dispersion effects, the shock waves in nonideal
models assume the form of a distribution with a finite width.194

In such models, a stationary regime in the propagation of
the wave corresponds to shock waves at the asymptotic
Stage 20.21,65,92-94, 104' 105.125-128,195-200

The special class of solutions, referring to simple waves, is of
greatest interest for the solution of the material balance equations
(18) or (19) for multicomponent chromatographic systems. Such
waves arise in truly nonlinear systems. An example of sorption
dynamic systems of this kind is provided by systems with
equilibria described by the Langmuir relations (8). The initial
and final conditions, corresponding to the frontal-displacement
variant of sorption dynamics and chromatography, i.e.

Xi(0,z) = X0,,0 *S z; Xi(f,0) = Xi0H(l), i = l,2,...,m,

(25)

[X°i and Xi0 are constants and H{t) is the Heaviside function] lead
to the class of centred simple waves.

The solution of the material balance equations (18) and (19)
under these conditions is called the solution of the Riemann
problem.40'«, 74,76,78,79 j n t j j e R u s s j a n literature, this problem is
called 'splitting of the initial discontinuity'.47

In conformity with the criterion of the stability of shock
waves,74'78> 79 the splitting problem has a unique solution in the
class of centred spreading and shock waves.4774 '78 When applied
to the theory of sorption dynamics and chromatography, such
solutions for different conditions have been considered in a
number of studies.21'31-34'37-39'40-43

In nonlinear /n-component chromatographic systems with an
invariant affinity sequence, the initial discontinuity is accompa-
nied by the formation of m concentration waves. This number of
waves corresponds to the total number of invariants h which are
determined by the characteristic equation (21).

In the wj-dimensional composition space {Xi}, the solution
Xt (h) describes the F curve with the characteristic parameter h,
which varies along this curve. The F curve is the geometrical image
of the solution (see Figs la and 2-4). Sometimes the composition
space is referred to as the hodograph space,4'40-43-158 although
this term is used more frequently in mathematics for the special
case with m = 2 (Courant and Freidrichs 4) when the composition
space is a plane.

The Fk curves have been called the composition paths21 and
the corresponding concentration waves the coherent21'22 or
simple46 '4777 waves. The term 'coherence' has been defined21'22

as the mutual consistency of the concentrations of the components
in the concentration fc-wave propagating along the sorption
column.

Any changes in the compositions along the composition path
grid Fk are coherent and all other changes are noncoherent. It is
important to note that the path grid is determined by the type of
the material balance equations and the system parameters — the
separation factors in adsorption and ion exchange processes and
the relative permeabilities in a multiphase flow in porous media.
The topology of the composition path grid is independent of the
compositions in the influent and initial flows. Therefore, for given
components, the grid of Fk paths may be determined and then
used to predict the response of the system under arbitrary initial
and boundary conditions. The combination of the time-distance
diagram with the M1M2Mm+1 route, which corresponds to the
composition waves in the composition space, yields a full and
compact quantitative description of the behaviour of the system in
time and in space. An example of such description is presented in
Fig. 1: the M1M2Mm+1 route in Fig. la and the corresponding
MlM2Mm+l chromatogram in Fig. \c as well as the physical
plane distance - time (z, T) with the A/1 A/2 shock and the M2M'" +>
spreading wave in Fig. Id. In the presence of the path grid in the
composition space, it is easy to predict (at least qualitatively) the
response of the multicomponent system to any perturbation.

Any pair of constant compositions in the composition space,
the images of which lie on a same Fk path, are connected by a
simple wave and the solution is given by the one-parameter family
{Xi(h)}. The images of the initial and boundary conditions are
presented by two different points Af1 and Mm+' respectively. The
image of the solution of the Riemann problem [Eqns (19) and (25)]
in the composition space represents the A/1 A/2...Mm+l route
consisting of sections of the Fk paths; each corresponds to the kth
wave MkMk+l of a different (k = l,...,m) kind. The route
contains the highest values of m for the different sections, which
are disposed consecutively from T1 to Fm. Each break point Mk on
the route (see Figs la and lc) corresponds to a constant state
{Xkj}. Thus, together with the terminal points M1 and Mm+\
there are m + 1 concentration plateaux on a multicomponent
chromatogram (see Figs la, lc, and Id).

The solution represented in the physical plane (Z,T) yields the
inverse image of this route (Fig. la"). The physical significance of
the picture considered is that the initial discontinuity in the
concentrations [Eqn (25)] splits into m concentration waves. The
slowest wave corresponds to the characteristic value k\ and the
fastest to lm value. Any of the waves may be of the spreading or
shock type. Each wave of the kth kind is separated from the
preceding (A: — 1 )th wave by the Mk{Xk} concentration plateau
(see Fig. lc). The concentrations {Xk} on the plateau are
independent of the dispersion factors and can therefore be
determined by calculations carried out within the framework of
the ideal equilibrium model.

VI. Coherence
The coherence conditions define a special regime in the propaga-
tion of a multicomponent concentration wave in a chromato-
graphic system in which all the concentrations of the mixture
components move synchronously along the /c-wave. For a two-
component system, this condition has been put forward in the
form of a postulate.29 Later the coherence condition was formu-
lated by Glueckauf30 in order to obtain a solution in such
nonlinear systems. The study of this problem showed46 that the
coherence condition holds along the characteristics.55

The concept of coherence describes states of chromatographic
systems which they tend to attain similarly to the way that closed
systems tend to a state of equilibrium, while open systems with
fixed boundaries and constant boundary conditions tend to attain
stationary states.22

The concept of coherence was developed by Helfferich and
Klein.21'35'36'80 It makes it possible to treat qualitatively and to
calculate quantitatively the chromatograms in multicomponent
chromatographic systems under arbitrary initial and boundary
conditions. This concept was generalised by Helfferich.22-81

Subsequently the region of its application was extended to multi-
component multiphase flows in porous media,195 to multicompo-
nent distillation processes,196 and to coprecipitation and
dissolution processes in multicomponent systems. Up to the
present day, the concept of coherence has been justifiably applied
to the dynamics of multicomponent nonlinear (sorption) sys-
tems.21- 22-55-80

This global concept22'80'81 indicates the direction in which
the development of a multicomponent system develops towards
the final coherent state, which may be attained after a finite time
in the ideal model or asymptotically in the presence of nonideality
factors in the system. The equilibrium and stationary states of the
system are then regarded as special cases.

Any multicomponent wave may be regarded as a composite
one, consisting of the waves of the individual components, but, in
contrast to linear systems, the multicomponent wave can not be
presented as their superposition. The determination of the velocity
of a multicomponent wave reduces to the calculation of the
eigenvalues Xk [from a type (20) equation]. The value /.k character-
ises the velocity of a coherent £-wave, while the eigenvectors
define the change in the mixture composition along such a wave.
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tions coexisting at such a point in space must move in the same
direction and with the same velocity.

However, the concept of coherence has a broader application,
since it includes the problem of the propagation of arbitrary
perturbations in open systems.21-80-8I It has been shown21-22 that
coherence may be defined as the state in which all the independent
variables (functions) move in a synchronised regime, i.e. without a
shift of their (concentration) profiles relative to one another. In
mathematics it is known that 'simple waves' behave in this
w a v 46,47,77 xhus simple waves are coherent by definition.

The principle of coherence reflects the fact that arbitrary
perturbations in the system are 'resolved' (splitted) into a series
of simple waves. A mathematical proof of this postulate with the
aid of the method of characteristics 46 has been given by Helffer-
ich22-55 for a system of two equations of the hyperbolic type.
However, it had been demonstrated previously in a mathematical
study7S that the region adjoining the region of constant states is a
simple wave.

If the perturbation at the inlet to the system is smooth, then its
'resolution' into coherent waves does not occur instantaneously
even in the ideal model. The time of attainment of the coherent
state depends on several factors, among which the most important
is the difference between the eigenvalues fa (k = 1, 2,...). If the
lines for the individual families are almost parallel on the grid of
composition paths, the resolution (the transition to the coherent
state) requires a longer time interval. Furthermore, when account
is taken of the nonideality factors in the system, the state of
coherence may be attained only at the asymptotic stage.

VII. Description of the concentration distributions
in a multicomponent Langmuir sorption system
with the aid of the /(-transformation
The solution of the Riemann problem is simplified if certain
special functions have been found: the Riemann invariants
(designated here by /i)25-43 or the generalised Riemann vector-
invariants.39-40-43-65 Such functions have been found for the
Langmuir sorption systems (8) or for the equivalent systems (9)
involving the exchange of ions with equal valences.21-39-40-43

The following equation is valid for the invariant hk changing
along the Fk path:

^ + ^ ^ = 0 for all i,j =1 ,2 , . . . , m , (26)
OT d Yj az

X = — = -—!- = —^- for any component i, (26a)
ox d Y) a Yj

where d is the symbol of the total differential.
Eqn (26) is the fundamental differential equation of the

Riemann problem.40-43-65 It describes the 'conservation law'
from which follows the principal property of these invariants,
which facilitates significantly the solution of the problem: only the
Arth Riemann invariant hk changes along the shock or spreading
wave of the kth kind, while all the remaining invariants hi (i ^ k)
are constant. In the monograph of Helfferich and Klein,21 Eqn
(26a) was called the differential coherence condition.

The solution of the differential equation (26) yields the one-
parameter family X(h) or the F paths in the m-dimensional
composition space {X,} (Fig. la), as well as a broken curves in
the invariants space {hk} (Fig. Ib).

The relations for the characteristic velocities of the shock sth
wave (os) and the spreading kth wave (Xk) have been derived
theoretically 21 with the aid of the concept of coherence:

• = hih'r\

(27)

where h\ and h™+l are the values of the invariant hs, diminishing
along the 5th wave, to the left and to the right of the shock sth wave
respectively (see, for example, the M^M2 wave in Fig. la as well as

its image — the TV1 TV2 wave in Fig. Ib), TTfy is the product
¥k

of all the cofactors hi except hk, hk are the values of the invariants
hk increasing along the spreading kth wave (see, for example, the
M2Mm+l spreading wave in Fig. la and also its image — the

N2Nm+l wave in Fig. Ib), and is the product of all the

cofactors a,i (i = 1, 2,..., n).
For a clear demonstration of the //-transformation, we shall

return to the consideration of the geometrical interpretation of the
Riemann problem.

The characteristic equation for multicomponent systems (21)
involving the exchange of ions of equal valence describes the
transition from the composition space {A",} (Fig. la) to the
invariants space {hk} (Fig. Ib). The reverse transition is described
byEqn(22).21-35

The following criteria for the sharpening or spreading of the
concentration kth wave, expressed in terms of the invariants hk,
are obtained from Eqns (27): if the value hk increases along the
concentration A>wave, then the velocity fa increases and the
A:-wave spreads (see the N2Nm+1 wave in Fig. \b and the
M2Mm+1 wave in Figs la, \c, and Id); if the invariant hs

decreases along the s-wave (even if we assume that it is initially
diffuse), then this wave tends to become sharpened, becomes a
shock wave, and subsequently moves with a velocity as defined by
Eqn (27).

The invariant hk in Eqn (26), changing along the kth wave, can
be found by solving Eqn (21), which relates the composition in the
wave to the value of this invariant.

The simplification of the solution of the problem on the basis
of the function-invariant h consists in the fact that the Af1... Mm in
the composition space consisting of sections of the Fk paths (see
Fig. 1 a) corresponds in the invariants space {hk} to the iV1...Nm +1,
the lines in which are orthogonal (see Fig. Ib). Only the invariant
hk out of the assembly {hi... hk... hm} changes along the £-wave.
The linearity of the Fk composition paths in the composition space
is the property of the Langmuir m-component systems (or the
equivalent systems involving the exchange of ions of equal
valence) which permits the orthogonalisation of the space, and
this simplifies the consideration of the dymanic behaviour of these
nonlinear systems. It is noteworthy that the linearity of the F paths
in the composition space is retained along the stationary concen-
tration waves for multicomponent Langmuir systems even in the
presence of dispersion factors identical for each compo-
nent.65- io4,io5,i97-2oo jjjis property makes it possible to obtain
solutions describing the concentration profiles in the stationary
waves for this case.

In the physical plane (z,r), the region corresponding to the Fk

path is covered by a set of lines-characteristics l'k (the dashed line
in Fig. Id) corresponding to the characteristic value fa. The
direction of the characteristics of the kth kind in the plane (z,z) is
specified by the quantity fa. Since the function hk is constant along
each characteristic k'k, each value of {XIQ} is represented by a point
on the Fk path (for example, point Q on the MN line in Fig. 2).
Each characteristic Xf is then a straight line in the physical plane.
The family of such straight lines in the plane (Z,T) represents a
simple fc-wave (see Fig. \d, the family of the lines X\...)%+x ,k = 2).
If the inequality dfaldz > 0 holds in the region of the simple wave,
then the characteristics diverge and the kth wave spreads as a
function of time. Such a wave is referred to as 'spreading'196> 201 or
'nonsharpening'.21
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It has been noted in a monograph21 and a state of the
art review22 that in the theory of chromatography the
/(-transformation (albeit under a different name) was first pro-
posed by Davidson in 1949 for ion exchange but remained
unnoticed.22 This transformation was proposed independently
by Zhukhovitskii and coworkers21-22'202-203 for the theory of the
high-concentration gas chromatography, vacancy chromatog-
raphy, and the chromatography without a carrier gas for con-
stant partition coefficients.

As noted in the above review,22 the polynomial (h) in
Eqn (21) is used in differential geometry, but for the description
of the behaviour of multicomponent systems in electrodiffusion,
electrophoresis, and distillation, this transformation was discov-
ered anew. The transformation (21), based on the /i-invariants, has
been widely applied to systems in which the interference of the
components takes place without any discrimination, i.e. the
substances participating in the separation process compete under
the conditions of constant relative strengths in the realisation of
the function determining the given process.22 The role of such a
function may be assumed by the parameter characterising the
degree of occupancy of the adsorption sites in chromatography,
the fraction of the void space in vacancy chromatography (or
distillation), the transport of electric current in electrophoresis,3

etc. Competition between the components in the absence of
discrimination then corresponds to constant binary interaction
coefficients: the separation factors in chromatography, the
relative volatilities in distillation, and the relative electrochemical
mobilities in electrophoresis.

A computer program, permitting the calculation of both the
/j-transformation and of the concentration profiles on the basis of
the ideal model, has been developed.49

Studies have been performed in which the results obtained in
the theory of the chromatography of multicomponent systems
have been extended to systems with precipitants and with dissolu-
tion of the precipitants.201'204

A scheme for the solution of the problem of the multicompo-
nent frontal-displacement sorption dynamics and chromatogra-
phy follows from the foregoing. On the basis of the solution of the
characteristic Eqn (21) using the known coordinates of the points
Ml (influent concentrations) and Mm+! (initial concentrations in
the column) in the concentrations space, the coordinates of the
corresponding points Nl and Nm+1 in the invariants space {hk}
are calculated.

Next, the coordinates {hl
k} (I = \,...,m) of the intermediate

points Nk on the plateau between the kth and (k + l)th waves are
determined in the invariants space. The orthogonality of the
representation of the waves in the invariants space is then
employed in the calculation. Only one invariant hk changes
(from hl

k to h™+i) along the kth wave (NkNk+1) in this space [all
the remaining invariants //, (i ̂  k) remain constant], while all the
£>waves from point JV1 to point Nm+i are arranged in order of
increasing index k = 1,...,_/,..., m. The coordinates {h[.} found are
then employed to determine the coordinates {Xk} of points Mk on
the concentration plateau between the fcth and (k+ l)th waves
with the aid of Eqns (22).

This scheme for the calculation of concentration plateaux is
used in combination with the solutions obtained for stationary
waves for multicomponent Langmuir systems.104-105'198'204 The
above approach made it possible to demonstrate 105'198-200 how a
theoretical calculation can be used to correct and test the
operation of numerical schemes for computer calculations 9 8 >"
concerning problems in the theory of multicomponent sorption
dynamics and chromatography.

VIII. The equivalence of multicomponent
Langmuir systems and multicomponent systems
with a nonuniform mobile phase velocity due to the
sorption effect

The flow rate u in the material balance equation cannot remain
constant if significant composition variations take place in the
column, with involving net sorption and desorption steps in the
molecules. This effect was first described205'206 for a single
component system. Different aspects of this effect, including the
effect in multicomponent systems, have been investigated.207"218

Two reviews by Guiochon,213'217 in which the results of the theory
of gas chromatography with finite concentrations are discussed,
are of great interest. These reviews deal briefly with problems in
the solutions of systems of partial differential nonlinear equations
by the method of characteristics and discuss the problems of the
stability of the shock waves (concentration discontinuities).

In the separation process, net desorption steps at the rear
boundary and net sorption steps at the leading boundary of the
chromatographic band respectively introduce the molecules of the
substance into the mobile phase and remove them from the latter.
The flow rate in the region of the chromatographic band is
therefore higher of the rear boundary and lower at the leading
boundary.

This effect, which is significant for gas chromatography, is
sometimes referred to as the 'sorption effect'21S and its influence
on the profile of the sorption band of one substance has been
examined in the theory of chromatography without a carrier
g a s 203,210,211 jijg dependence of the flow rate on the concentra-
tion of the substance has been found for a one-component
system.215 The importance of the sorption effect in chromato-
graphic separation at high concentrations has been emphas-
ised.214

The behaviour of the ^-component sorption C system, in
which account is taken of the influence of sorption effects, has
been examined.65-69-198-199 In this system the/(c) isotherms are
linear for each component, while the flow rate u is nonuniform
due to the 'sorption effect':

(c) = y, c , ; c,• = c0 = cons t , i= 1, 2 , . . . , « . (28)

It is postulated that the pressure drop in the column may be
neglected and that the ideal gas law holds. The sorption effect is
taken into account in gas chromatography, while in liquid
chromatography it is usually neglected, although in the latter
case condition (28) represents incompressibility with retention of
the overall concentration Co of all the components. In liquid
chromatography, this effect may be neglected because of the
smallness of the volume changes in the sorption-desorption
steps.

The Langmuir system (8) and the C system are united by
one common property: in both systems, the separation factors
for the rth and mth components are constant, i.e.
<W = (am/cm)/(ai/ci) = const. The mixture components {c,-} form
the affinity sequence 1, 2, ..., n, in which the substances are
numbered (and arranged) in order of decreasing affinities of the
components for the sorbent:

> yn < ... < a,,-... < a [ n ,

where

« „ = - . (29)

The existence of the relation (28) makes it possible to eliminate
one variable (cn) from the equations. The system of the mass
balance equations then defines only n — 1 independent functions
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The invariant solutions of the system of quasi-linear material
balance equations have been analysed on the basis of the ideal
model.65'69>198 These solutions describe the propagation of the
sorption shock and spreading concentration waves at high
concentrations of the components in the multicomponent C
system.

A relation for a variable flow rate u, reflecting the sorption
effect, was derived for the first time for the C system by the present
author:65-200

H-R/c0 l+Y,. H-R/co'

Qi = . (30)

where H = const, R = ^ (./]•), and Q is the integration constant
i

determined from the initial conditions.
Eqn (30) thus derived represents the dependence of the

flowrate u on the concentrations of a mixture of m compo-
nents.65-198-200 When account is taken of Eqn (30), the differ-
ential equations for the C system are identical with the mass
balance equations describing the multicomponent Langmuir
system (8). The relations

"g| _ Qi e,

l+Y,- H-R/c0'

where e, = (y,—yn)cu play the role of multicomponent inverse
Langmuir isotherms G,(a) = ft~

[ (c) in the mass balance equations
for the C system [see Eqn (7)].69-198

The characteristic equation for the C system is formally
identical with the corresponding equation for a multicomponent
Langmuir system.65-69-198-200 The separation factors (ym/yd for
the components m and i in the C system are completely analogous
to the separation factors am, = ym/y,- [see Eqn (29)]69-198 used in
the multicomponent theory of chromatography.21 The invariants
Hkly\ have the same properties as the invariants \/hk, where hk are
functions introduced for the Langmuir systems.21 All the calcula-
tions of the chromatograms for the Langmuir system based on the
equilibrium model can then be carried out also for the C system
using hk and the ratio a\m = yi/ym (m = 1,2,...,«), taking into
account the agreement between the separation factors for the two
multicomponent systems considered. In the Langmuir system (8),
the components also form the affinity sequence 1, 2,...,m, in
which they are arranged in order of decreasing affinity for the
sorbent, namely a lm > an > 1 [see Eqn (29), an = 1], where
i < m.

Only the invariant hk, as well as the vector-invariant [Jkk],
varies along the characteristic (Fk) fc-path (corresponding to a
wave of the kth kind), whereas the remaining invariants hm

(/M =£ k) and {Jmk} (m f k) do not vary (Fig. \b). The correspond-
ing change in the invariant hk (increase or decrease) determines the
type of multicomponent &-wave (spreading or shock) in the
chromatogram (see Fig. \b; decrease of hi from h\ to /!™+1 along
the M'Af2 wave and increase of h2 from h\ to h™+l along the
M2Mm+1 wave).

Relations expressing Xs (for a spreading wave) or ak (for a
shock wave) (see Fig. \d) in terms of the product of the Riemann
invariants h\...hm (or ii\...nm) are valid for the characteristic
velocities of the multicomponent concentration fc-waves in the
chromatogram.

For the multicomponent C system, the grid of composition
paths in the concentration space has the same properties as for a
multicomponent Langmuir system (8). An example for a two-
component Langmuir system (m = 2) or a system with n = 3 is
presented in Figs 1 a and 2 (the concentrations c, are then expressed

in terms of an acute-angle coordinate system). The coupling
condition (28) reduces the three-dimensional concentrations
space {c,} to the P\PiP-i plane, where c,(P,) = c0 (see Fig. la).
The shock fc-wave (or a stationary wave in the nonideal model)
arises in the composition space if the change in the concentrations
corresponding to this wave takes place in the direction opposite to
that indicated in Figs 1 and 2 (i.e. if the invariant hk or the
corresponding invariant y\lnk diminishes along the k-wave — see
Fig. \V). The velocities of the shock and spreading k-waves are
determined by the magnitude of the Afc-invariant in accordance
with Eqn (27).21 A large number of examples of composition path
grid for multicomponent (m-component) Langmuir systems (or
the equivalent systems involving the exchange of n ions of equal
valence, where n = m + 1) are quoted in the monograph by
Helfferich and Klein.21 Similar path grids on the P\... Pn simplex
may be obtained also for the C system. The distributions of the
concentrations of the components along the shock or spreading k-
wave and its velocity are then described with the aid of the hk-
invariant. Examples of such calculations have been published.200

These data indicate the equivalence of the multicomponent
sorption systems: C, where there is a sorption effect, and the
Langmuir system (8). Naturally, the main result is the possibility
of using for such systems a simple procedure for the calculation of
the multicomponent (shock and spreading) concentration waves
on the basis of the /i-invariants.

IX. Multicomponent chromatographic systems
with an invariant affinity sequence of the
components
The nonlinear theory of sorption dynamics and chromatography
may be used also in the calculation for a stoichiometric
«-component system consisting of ions with n = 3, where all the
characteristics lie in one plane (see Fig. la). In Figures 1-4 the
characteristics of the first kind (F1) are represented by continuous
lines and those of the second kind (F2) by dashed lines. In this case,
the simplex triangle PxPjPi in the space of the Riemann invariants
{hk} is transformed into the rectangle P\P\W'P\ (see Figs la
and \b).

Points W in Figs la and \b and in Figs 2 -4 , at which the
characteristic velocities of the £-waves coincide, are referred to as
the 'watershed' points.21-3738 The coordinates of point W for

Figure 3. A variant of the hodograph for a stoichiometric three-compo-
nent system for which the equilibrium relations [of the type of the Law of
Mass Action (15) for heterovalent ions] are valid. The ANW2MB and
QW2MB routes correspond to different variants of the concentration
waves (see text).
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2:3

Pi 2:3

Figure 4. Variants of the hodographs obtained by numerical calculation
for a stoichiometric three-component system including selectivity reversals
even in a binary exchange (when the binary isotherms/}/; are S-shaped).
(a) The presence of the inversion i :j (dash-dot lines) for the 1/2, 1/3, and
2/3 components (the corresponding isotherms fm are 5-shaped); (b) the
presence of the inversion i :j (dash-dot line) for the 1/2 components (the
corresponding isotherm /1/2 is 5-shaped); the crosses ( x ) denote the
concentration points at which the wave velocity lk on the Fk paths is
minimal; points Vk correspond to the points of intersection of the borders
of the simplex with the Fk paths passing (through different watershed
points W) within the composition region; the AI7in2B, P3 V2 \V\P2 (a), and
Pj V2 W-iP2 (b) routes correspond to different variants of the concentration
waves (see text).

systems with constant separation factors (8) are defined by the
relation21

v « 1 2 - !
w « i 3 - r

The characteristics of the first kind (F1) begin on the P2P3 side and
terminate on the WPX segment. All the characteristics of the
second kind (F2) begin on the WP3 segment and terminate on
the P\Pi side. Each characteristic of the first kind intersects all the
characteristics of the second kind and conversely. As a conse-
quence of this, any two composition points, not located on one
characteristic, may be connected by a route which initially follows
F1 and then F2 paths, i.e. waves of the first kind and then of the
second kind are formed in succession in the corresponding
chromatogram. The simplex borders P1P2, P1P3, and P2P3 are

also characteristics and only they originate from the Pi, P2, and P3
corner points. There are no characteristics originating from these
points within the composition region. Thus two substances cannot
be absent on one side of the concentration wave and present on the
other. In systems with a variable selectivity of the components,
such effects may occur (see Section X).

In the case of an «-component system, the simplex gives rise to
an equilateral «-gonal pyramid, but there are no fundamental
differences from the case where n = 3.21

The principal rules governing the behaviour of simple (or
coherent) waves may be derived from the compatibility condition
(24) (for shock waves) and Eqn (26a) (for spreading waves), and
also from properties associated with the continuity of the stream
of molecules [see Eqns (16) and (17)]. The same rules may be
obtained with the aid of the properties of the Riemann
h,~ in variants and Eqn (27). However, these conclusions are valid
for systems with constant separation factors a,y. The rules govern-
ing the behaviour of simple waves, obtained with the aid of the
velocities, are less rigorous: in this, case an invariant selectivity
sequence and competitive sorption, reflected by relations (4) and
(5), are needed.

In a simple wave, the species velocities M, differ from the
characteristic velocities lt, so that the molecules of different
species pass through the propagating wave in the direction of
flow or in opposition to it. This behaviour gives rise to the
following effects.21

1. Along the wave the species velocities M, and the concentra-
tions Xt of all the substances change simultaneously.

2. The existence of the so called 'affinity cut'. This cut
subdivides the substances in the affinity sequence 1, ...,/, k, ..., n
into two groups: the high affinity group (1, ..., /) and the low
affinity group (k,...,«). The cut is designated by j\k. The species
velocities «, in the first group are lower and those in the second
group are higher than the composition velocity (/, for a spreading
wave or <r, for a shock wave). The concentrations of the substances
in the wave also vary in the opposite directions (if those of the
substances in the first group increase then the species velocities in
the second group diminish and conversely).

For an n-component (but ^-variant) stoichiometric system
(9), there is a possibility of n — 1 positions of the affinity cut,
namely those ranging from 1|2,...,«to 1, 2,..., («— \)\n, where the
cut k\(k + 1) corresponds to a simple wave of the fcth kind with a
characteristic velocity ).k- No concentration can vary abruptly if
all others vary smoothly. One of the most important corollaries of
the rules under discussion is the fact that only the substances/ and
k, separated by the cut/ \k, can be present on one side of the wave
and absent on the other. All other components are either present
on both sides and within the wave or are altogether absent.
However, two substances / and k cannot be absent from the
same side of the wave, since their concentrations vary in opposite
directions.

The transformation of m-component (and m-variant) Lang-
muir systems (9) into stoichiometric n-component (but m-variant)
systems makes it possible to represent hodographs also for
Langmuir systems within the space of the simplex. Fig. 2a
presents a hodograph for a two-component Langmuir system
with competitive sorption (b\, b2 > 0). The concentrations of the
components / and / do not exceed unity and are reckoned in an
acute-angle coordinate system.

Complications may arise only in the case where some of the
coefficients Z>, are negative. For example, the hodograph for
systems with synergistic sorption, where the corresponding
coefficients for one or more susbtances are negative (bi < 0), is
illustrated in Fig. 2b. As in stoichiometric systems, in such systems
the initial discontinuity in concentrations splits into a chain of
shock and/or spreading simple waves. Difficulties in the forma-
tion of multicomponent waves then arise. Thus Fig. 26 shows that
the route along the characteristics in order of their increasing
indexes, i.e. BFlF2M, is impossible between certain concentration
points B (composition at the inlet to the column) and M (initial
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composition in the column). In this case, the solution determining
the chromatogram tends to the BNM route, passing partly along
the envelope indicated in Fig. 2b by a dash-dot line. This route
does not contain intervening plateaux. Furthermore, routes which
may be referred to as metastable (for example, the ANB route
corresponding to a single, but unstable wave) are likely on this
hodograph. Small perturbations lead to the 'switching' of the
metastable ANB route to the AN\B route corresponding to two
simple waves: a wave of the first kind AN\ and a wave of the
second kind N\B.21

In systems with invariant affinity sequence of the components
the topology of the characteristics in the composition space
(Fig. 3) is similar to that which occurs in systems with constant
separation factors ay (Figs 1 and 2), but the characteristics are not
straight lines (Figs 3, middle part of the hodograph). As a result,
in systems with variable separation factors a.y the route corre-
sponding to the shock wave does not coincide with the character-
istic, although it passes close to it.21 The deviations of the shock
route are usually small, so that the characteristics may be regarded
as a satisfactory approximation also to shock waves.

Problems of frontal and frontal-displacement sorption
dynamics in a system with a variance m = 2 and with an invariant
affinity sequence, in which the first component is always sorbed
more effectively than the second, have been examined on the basis
of the nonlinear theory of multicomponent sorption dynamics for
the ideal model using hodographs with variable factors ay.200

All the variants of the two-component displacement chro-
matographs [for both convex (favourable) and concave (unfa-
vourable) isotherms] of the components can be readily obtained
with the aid of the hodograph presented in Fig. 2. Both shock and
spreading waves are then obtained in the displacement chromato-
grams in the presence of both enhanced concentration and
dilution (deconcentration) of the displaced component.

We shall consider initially the variant where both isotherms
f(c), of the displacing agent and the displaced component, are
convex (see Fig. 2a).200

1. If the sorbability of the displacing agent is greater than that
of the displaced component (i.e. the displacing agent is component
1 and the displaced component is component 2), then the NMB
and NMA routed on the simplex P\PiPi correspond to the
displacement regime. The displacement chromatograms corre-
sponding to these routes have been published.200

2. If the sorbability of the displacing agent is lower than that
of the displaced component (i.e. the displacing agent is component
2 and the displaced component is component 1), two displacement
regimes, corresponding to the MNL and MQS routes, are
possible. It has been noted 20 that in this case the displaced first
component is concentrated on the plateau (C*) in the intervening
zone (the MNL and MQS routes respectively), but the sharp
(shock) displacement wave does not arise under these conditions
and two-wave displacement regimes occur: the spreading 1-wave
MN (or MQ) and the shock 2-wave ML (or QS). The case of the
spreading wave NT is an exception (see Fig. 2a, MNT route).

The overall character of all the types of chromatograms in the
case of concave isotherm /(c) consists in the fact that the
concentration of the displaced component diminishes on the
plateau between the concentration fc-waves (k = 1, 2). The
concentration waves may be both of the spreading and shock
types in conformity with the criteria (26).

The possible variants of the calculation of the concentration
waves in the displacement sorption dynamics regime for a two-
component Langmuir system with different convex and concave
isotherms have been examined.200 Tsabek98 carried out a numer-
ical computer calculation of two types of displacement chromato-
grams for two-component Langmuir isotherms. Comparison of
the results with those of the present author200 showed that the
special cases of the regimes examined in the present author's
study 200 were obtained in the numerical calculations. For other
initial and boundary conditions, it is possible also to obtain other
displacement regimes.200 Thus the results of the numerical

calculation do not always yield general conclusions about the
behaviour of concentration waves in nonlinear chromatographic
systems.

X. Chromatographic systems with regions
including selectivity reversals of the components
We shall consider initially a system in which the ion exchange is
stoichiometric and is described by the Law of Mass Action. For
ideal ion exchange, this variant corresponds to the exchange of
heterovalent ions, but in the general case sorption systems can also
be assigned to the above systems. The stoichiometric coefficients
v, and vs for which Eqns (15) hold can then be regarded as
empirical.

For systems in which the sorption equilibrium is described by
Eqns (15), it has been shown21 that the sorption of all the
components, other than the two arbitrarily selected components
k and /, diminishes if the concentration of component k with a
higher affinity for the sorbent increases as a result of the decrease
in the concentration of component / having a lower affinity. Thus
the sorption in which the equilibrium is described by Eqns (15) is
competitive. The condition of competitiveness, obtained for these
systems in the monograph by Helfferich and Klein,21 refers to
differential changes in concentration for a given mixture composi-
tion and does not eliminate the selectivity reversals arising in the
system, which will be discussed below.

The characteristic equation for such systems yields n — 1 real
roots kk,

21 which fall within the range Vk < lk < Vk+[ , where

Vk = —-, k — 1, 2, ..., (n— 1). (31)

As in systems with a invariant affinity sequence, in the system
under consideration there is an affinity cut. The condition of
sorption competitiveness and the existence of the (n— l)th affinity
cut for an arbitrary composition does not eliminate the reversal of
selectivity. Within each region with an invariant affinity sequence,
the properties of the systems (15) are the same as those of the
Langmuir systems but with the difference that here the character-
istics are not straight lines (see the example of Figs 3 and 4) and
cannot be orthogonalised with the aid of the Riemann invariants
(by the /(-transformation). In this case, the path grid may be found
by the numerical integration of the equation relating the concen-
trations of the components in the wave.21- 66> 200 The separation
factor ay in these systems is variable and depends on the
concentrations. When v,- ̂  Vj, the separation factor varies both
as a function of the partition ratio of the components and of
mixture composition. If the separation factor ay varies in the range
ay < 1 to ay > 1 course of such variation, then the components ;
andy change places in the sorption series. This phenomenon is in
fact referred to as selectivity reversal or inversion. When the
inequality v, < vy holds, the separation factor tty is greater in the
concentration range where the partition ratio Yj/Xj greater, i.e.
where there is less competition from the component (/) having a
higher affinity for the sorbent. If the composition changes in the
direction of a greater proportion of substances with a low affinity,
then the affinity of substances with a low stoichiometric coeffi-
cient v, increases relative to the other substances.21

The lines in the composition space on which the inversion of
components i andy takes place (i.e. the equality ay = 1 holds on
this line) have been called 21'36-37 'reversals' and in the present
review are designated by';' :y' (the dash-dot lines in Figs 3 and 4).
From the standpoint of the appearance of a possible inversion, the
specification of the numbering of the substances in the sorption
series has been modified.21 The substances are numbered in
accordance with the rule

i < j , if Ky> \ . (32)

In the i/j binary system, for two arbitrary substances, the
affinity of the substance with a smaller number is greater. In
systems without inversion the definition (32) is equivalent to that
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presented above. If inversion takes place in the system, then the
composition space is divided by the reversals i:j into regions
where a# < 1 and ay > 1 (see Figs 3 and 4). For the systems (15),
the reversal j : k in the composition space is described by the
equation of a (« — 2)-dimensional hyperplane parallel to the PjPk
edge in the simplex {7,} or {Xi} (for n = 3, this is a straight line; see
the 1:2 and 2 : 3 reversal lines in Fig. 3).21 For any two substances
j and k, such a hyperplane exists vj / v .̂ There is only one hyper-
plane j/k of this kind, so that multiple reversal of the selectivities
of components j and k does not take place. All these rules can
be observed in relation to the hodograph illustrated in Fig. 3.

A sufficient condition for the existence of the reversal j : k is

(K^ > (Kiky when j < k, i ?j,k. (33)

T h e system (15) h a s at least one reversal j : k o r k:l if the
coefficients v, for the three c o m p o n e n t s j , k, and / satisfy the
condi t ion

> 2 VA- when j < k < I. (34)

It has been noted in the monograph by Helfferich and Klein21

that condition (34) contains no coefficients Ky, so that the widely
held view that there is no reversal of selectivity when
K\n > K2n > K(n-i)n is erroneous. For example, a three-compo-
nent system (n = 3) with vi = 2, V2 = 1, and V3 = 3 has at least one
reversal regardless of the quantity Ky.21

The influence of the reversals on the disposition of the
characteristics and hence on the dynamic behaviour of chromato-
graphic systems, described by equilibria of type (15), is not very
strong owing to the existence of the following rules, which the
reversals obey.

1. All the reversals are such that only neighbouring substances
change places in the affinity sequence. Thus, for the reversal/: k,
the affinity sequence changes as follows: 1, ...J, k, ...,n -> \,...,k,

j , . . . , n even if/ and k do not occupy neighbouring positions.
2. The reversal/: k is not intersected by the characteristic with

the cut/ \k (for example, the F1 paths in Fig. 3 intersect the reversal
2 : 3, while the F2 paths intersect the reversal 1:2). Therefore,
along any Fk path the compositions of groups with high and low
affinities do not change. As a result, all the concentrations in the
corresponding concentration wave vary monotonically.

3. Sorption remains competitive despite the reversals, so that
within the limits of each region between the reversals the orienta-
tion of the characteristics and the qualitative dynamic response of
the chromatographic system remain the same as in systems with
invariant affinity sequence.

However, new features also appear — there is a greater
number of watershed points (points W\, W2, and W$ in Fig. 3a).
Point W2 on the P\Pi segment is unusual because it includes the F1

and F2 paths, which are tangents to the border P\Pi of the
simplex. This property was first described by Tondeur.37 In
addition, the postulate that all the paths of one kind intersect all
the paths of another kind, applicable to systems without inver-
sions (cf. the hodographs in Figs 2 and 3), now ceases to be
invalid.

The hodographs for systems with inversion have paths along
which the velocity Xs is constant. Such paths coincide with the
reversal (the path/ \k on the reversal/: k). For example, on Fig. 3
the reversal 1 : 2 coincides with the Fl path and the reversal 2: 3
coincides with the F2 path. The concentration changes along the
wave corresponding to migration along all these characteristics
are not sharpened and do not become diffuse in the ideal model.
Evidently, in the presence of dispersion effects in the nonideal
model, such waves do become diffuse.

In contrast to systems with invariant affinity sequence in
systems where a component participates in more than one reversal
(for example, component 2 undergoes inversion in the reversals
1 :2 and 2:3 — see Fig. 3), the initial discontinuity in concentra-
tions may split into a larger number of concentration waves,
exceeding the variance of the system (m).

Thus in Fig. 3 the ANW2MB route from the concentration
point A via the watershed point W2 and extending to point B and
intersecting two reversals gives rise to three concentration waves:
AN, NW2M, and MB. The component (in the given instance
component 2) may be present when the column is filled initially
(point B) and may be moved to the inlet (point A), but it is absent
from the intervening concentration wave NW2M.21-200

This variant may occur also in the case where the route runs
along the F path, which is tangential to the border of the simplex
at the watershed point W (see the concentration wave Q W2M in
Fig. 3; point Q corresponds to the mixture composition at the inlet
to the column).

We shall consider the properties of nonlinear chromato-
graphic systems in the presence of static complex-formation
effects when the inversion i :/ may arise even for the i/j binary
exchange of a pair of components i and/. In this case, the binary
exchange isotherm/% can have the S- or <r-shape.48'66 A common
feature of complex-forming systems in the presence of inversions
consists in the fact that the concentration wave may be combined,
i.e. may contain both discontinuous and diffuse sections.

Figs 4a and 4b present certain variants of hodographs (among
those obtained by numerical integration)66 for a system modelling
the static complex-formation effects in which the multicomponent
isotherms are represented by bi-Langmuir multicomponent iso-
therms.149 The nonmonotonic variation of the wave velocity along
the wave implies that the corresponding concentration wave may
be partly of the shock type and partly of the spreading type — a
property which is absent from the sorption systems (9) and (15).

The possible reversals for a three-component system, shown in
Fig. 4a, are 1: 2, 1 : 3, and 2: 3. A hodograph of this type has been
presented in a study 48 where the exchange of ions of equal valence
in the presence of complex formation was considered. In this
case, all three binary exchange isotherms /1/2, /1/3, and /2/3 are
S-shaped. The same topology of the characteristics, but this time
with two reversals, was observed in the above study48 and
obtained in a theoretical investigation.66 The binary isotherms
/1/3 and/2/3 are then S-shaped, while the isotherm/1/2 is convex
(favourable). Other possible variants of the hodographs for a
three-component system in the presence of complex formation
have been quoted by the present author.66 As for the systems (15),
the hodographs for the above systems have several watershed
points (cf Figs 3 and 4). There are also characteristics along the
tangent to the border of the composition triangle within the
composition region (cf the F1 paths passing through the water-
shed points: through point W\ in Fig. 4a and through point W-± in
Fig. 46).

In the previous Section, it was noted that composition lines
originating from the corner points of the simplex within the
composition region are absent from the hodographs for essen-
tially nonlinear systems. This means that on the chroma-togram
two components cannot be absent on one side of the wave and
present on the other. For complex-forming stoichiometric sys-
tems, chromatograms of this kind are possible. For example, on
the chromatogram corresponding to the P3.V2P2 route (Fig. 4b),
two components ; (/ = 1, 2) are present only on one (left) side of
the shock 2-wave ViP-i. In the usual stoichiometric systems,
component 3 separates components 1 and 2 on the chromato-
gram, whereas on the chromatogram corresponding to the f 3 V2P2
route, components / and 2 cannot be separated from one another
(for further details on this topic, see the present author's earlier
communication 66). The inversion of components / and 3 on the
isotherm f3;i plays a decisive role in the formation of such a
chromatogram.66' 200

For the 5-shaped binary isotherm / i / 3 and the convex
(favourable) binary isotherms /1/2 and /2/3, a study has been
made on the basis of qualitative considerations of the possibility
of the formation of chromatograms consisting of two shock waves
(see Fig. 4b):219 the 1-wave P3V2 and the 2-wave V2P2- The
formation of displacement chromatograms of this type has been
demonstrated experimentally.220
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It was stated above that in the general case n — 1 concentration
waves, separated by n — 2 intervening plateaux (Ilk), arise in
nonlinear chromatographic n-component stoichiometric systems
with invariant affinity sequence of the components. Thus, routes
with a single intervening plateau 771 (for example, the AII1V2
route in Fig. 4a) are possible in three-component stoichiometric
systems with complex formation.66 Under these conditions, the
two concentration waves on the chromatogram may be of the
shock or spreading types partly of the shock type and partly of
the spreading type. However, in the presence of inversion of the
components, the route with a single intervening plateau does not
always occur in chromatographic systems.

The postulate that each path of one kind intersects all the
paths of another kind is invalid for such systems, so that in a
number of instances one cannot move from a certain region of the
simplex (the region Pi V2W1P2 in Fig. 4a) to another region via a
route including consecutively only two paths (f1 and F2). A
variant of the route, which passes through a watershed point and
contains three concentration waves and two intervening plateaux,
has been proposed for such cases.38

A route (for example, the ATlx^B route in Fig. 4a),
corresponding to a chromatogram with three concentration
waves All 1, 771772, and 772-fi and with two intervening plateaux
(77i and 772), in which one of the components (component 1) is
present during the initial filling (point B) and in the inlet zone
(point A) of the chromatogram but is absent from the intervening
region (segment JJiIIi), arises under these conditions. In indi-
vidual instances (when the route passes along the characteristic
V2W3P2 — see Fig. 4b), the concentration of component 1 may
become zero on the shock concentration 2-wave (section W3P2).66

XL Interaction of concentration waves in
multicomponent chromatographic systems
The initial discontinuity in concentrations (from the influent
concentration to the concentration during the initial filling of the
column) in the frontal displacement multicomponent dynamic
sorption problem splits into m concentration waves separated by
concentration plateaux. In cyclic chromatographic processes, the
column should be regenerated and for this reason yet another
discontinuity concentration is created at the inlet. As a result, a
further assemble (k) of concentration waves of different kinds
(k = 1, 2, ...) arises in the column. Thus there is a possibility of a
situation where a fast wave of the feth kind catches up with a slow
wave of the sth kind (k > s) generated during the preceding break
in concentrations, whereupon the interference of two concentra-
tion (k, 5)-waves of different kinds takes place. In contrast to linear
systems, in the interference of waves in nonlinear systems the
principle of superposition does not hold, which leads to specific
results of the interaction of the waves.

If two waves of different kinds meet, a local noncoherence
arises for a time, being resolved by transition to a coherent state, as
in the case where a perturbation is introduced into the system.
During the interference of waves, the general postulate that the
noncoherent state of the wave, defined as a superposition of
coherent waves, is resolved during propagation and tends to a
coherent state remains valid.21

In a calculation for such interaction in ideal systems with
constant separation factors, the Riemann invariants have been
used.21 In the case of variable separation factors, in systems with
invariant affinity sequence, the characteristics of the interaction of
the concentration waves remain the same, but the Fk paths on the
hodograph are no longer straight, which significantly complicates
the quantitative calculation for the interaction of concentration
waves.

It has been shown 68 that, for a three-component stoichiomet-
ric system with invariant affinity sequence of the components but
with variable separation factors, there are two special cases of the
interaction of concentration waves. If in the interaction of two
waves in a three-component stoichiometric system the boundary

concentration plateaux are at the borders of the simplex while one
of the interacting waves is of the shock type, the calculation for the
interaction is carried out with the aid of only the binary isotherms
fi/j.68 This principle has been applied in a calculation, based on the
ideal model, for a cyclic four-stage process involving preparative
chromatographic multicomponent separation.67

XII. Stationary concentration waves in
multicomponent nonlinear chromatographic
systems including dispersion factors
The conditions governing the appearance of stationary regimes in
multicomponent sorption dynamics for Langmuir mixture iso-
therms (8) have been analysed2139-40 on the basis of both the
general theory of quasi-linear equations of the hyperbolic
type 46 '57 and the model of equilibrium ideal sorption dynamics
and chromatography. It has been show39 that, in the case of
Langmuir mixture isotherms (8), Lax's stability conditions hold
for the shock waves arising under these conditions. Therefore, for
certain relations between the assembly of input concentrations
and their assembly in the initial stage of the filling of columns in a
chromatographic system, various shock S-waves arise (where
integral numbers S1 assume values ranging from 1 torn).

In the presence of dispersion effects in the nonideal models
considered, stationary regimes governing the propagation of
multicomponent concentration S-waves with a finite width,
which depends on the dispersion factors and on the 'curvature'
of the multicomponent sorption isotherms, correspond to the
shock S-waves.

The conditions governing the attainment of stationary
regimes in multicomponent chromatographic systems with invar-
iant affinity sequence of the components are independent of the
magnitude of the dispersion factors and are therefore determined
on the basis of the ideal model. However, the time required for the
attainment of the stationary stage in the propagation of a multi-
component concentration S-wave depends on the values of the
nonideality factors. These factors lead to the spreading of the
concentration S-wave, the width of which becomes constant after
a time. The time needed to establish stationary regimes depends on
the height equivalent to the theoretical plate (HETP) and on the
'curvature' of the multicomponent isotherm. The dispersion
parameter HETP is well known and is used widely in chromato-
graphic theory and practice. It determines the width of the
concentration waves and the effectiveness of the operation of the
sorption bed.

After the attainment of the stationary regime (in the asymp-
totic stage), a multicomponent S-wave with a fixed width
propagates at a constant velocity equal to the velocity of the
shock wave as. This velocity is independent of dispersion effects
and is determined by the concentrations on the plateaux to the left
(cf) and to the right (cf+l) of the Sth wave.20-65-69-104-105-197-200

The methods for the determination of the concentrations on the
plateaux were discussed above and examples of such calculations
may be found in a number of communications.105-198200

In the presence of dispersion effects, the material balance
equations assume the general form

62c,-

dt
/ = 1,2, ..., m, (35)

where D, are the effective longitudinal dispersion coefficients for
m mixture components.

This system must be supplemented by kinetic sorption effects.
A reasonable approximation to the kinetic equations is provided
by model phenomenological equations based on the concept of
linear driving forces. For intraparticle diffusion control, the
kinetic equation proposed by Glueckauf221-222 for a one-compo-
nent system, extended to multicomponent systems, is usually
employed:
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(36) = 0 and/J, = HETP =

For film diffusion control, analogous phenomenological
equations are employed:223'224

i = 1,2, ...,m. (37) Vs = 5=1,2,..., Z=z-ost. (39)

Here ft(c) and <p/(a) are sorption isotherms which are
reciprocal relative to one another, i.e./ (c) = <p~' (a).

The solution of the systems of differential equations (35) and
(36) and (35) and (37), describing the profiles of stationary
£-waves for two special types of nonlinear multicomponent
chromatographic systems (L and Q, has been consid-
ered 65'104> 105 '197-200

The L system is a multicomponent sorption Langmuir system
(8) with constant separation factors for the components and a
uniform velocity of the mobile phase u.

The C system is a system of n sorbable components in the
presence of the sorption effect with linear isotherms and nonuni-
form flow rate u.

It has been shown on the basis of the ideal multicomponent
model that the L and C systems are equivalent.65' *'•198 200

It has been demonstrated for both systems 65-69-104'105'197-200

that, in the case of dispersion factors identical for each compo-
nent, the relation between the concentrations of the components
in the stationary multicomponent S-wave is linear:
for the L system

q-cf = A?{V- Vs), where

and for the C system

ct -cf = B?(R - Rs) , where

rs+1 - rs

cs+\ _ s

i= 1,2,..., m.
The linear relations (38) describe the dependence of the

concentrations of the components along the multicomponent
concentration S-wave at the stationary stage with dispersion
factors identical for each component. These relations describe a
path grid in the concentration space, which coincides with the grid
of the Fk paths for the ideal model. For a two-component model,
examples of path grids of this kind are presented in Figs \a and 2.
The linear relations (38) may serve as reliable tests of the validity,
convergence, and accuracy of the numerical schemes developed
for the solution of nonlinear problems in multicomponent sorp-
tion dynamics (see the examples given in a number of
papers 105-198 '200).

In the ideal model, the parameters Af and Bf represent the
Riemann vector-invariants.40-43-S5>69'198 A large number of
examples of path grids Fk, including those for multicomponent
systems, have been presented in the monograph by Helfferich and
Klein.21

Accurate analytical solutions, describing the stationary multi-
component concentration waves of the 5th kind for different
combinations of the dispersion factors, have been obtained in the
case of the L and C systems in a moving coordinate system
(c Z) 65> 104 '105 '198-200

1. The L system104-105-198 '200

For equilibrium sorption dynamics, one can write

Di = D and j - = 0 (or i = o) ; HETP = — .
A \ Ci J u

For nonequilibrium (intraparticle diffusion) sorption
dynamics, without allowance for longitudinal diffusion, we have

The following expressions are used for the description of
nonequilibrium (film diffusion) sorption dynamics without allow-
ance for longitudinal dispersion:

2(1 -as/u)2u
= 0 and £,• = £ ; HETP =

c

Ks = Vs -

V- Vb

yS+\ _ ys • (40)

Here the distribution of the concentrations Es along the multi-
component concentration 5-wave is independent of the number ;'
of the component (i = 1, 2, ..., m) when account is taken of Eqn
(38). The distribution of concentrations has been formulated in a
dimensionless form and normalised, since the relation 0 < E < 1 is
valid.

A widely employed empirical parameter — the effective width
Azs

Az.c =
HETP(F 5 + Vs+])

(Vs -
-In

1 - e
(41)

where e is an arbitrarily selected small dimensionless quantity
(e = 0.1 is usually employed in practice), is applied to the
description of the spreading of the wave.

2. The Csystem65198-200

In the case of equilibrium multicomponent sorption dynamics, we
have

i = D and ^ = 0 f or y = 0 HETP =

2(<rs/u)(Rs - RS+])Z
(42)1 ' c0HETP

The following relation is valid for nonequilibrium intrapar-
ticle diffusion multicomponent sorption dynamics without allow-
ance for diffusion:

A = 0 and Pi = HETP =
2(1 -as/u)as

P
whilst for nonequilibrium film diffusion multicomponent sorp-
tion dynamics without allowance for longitudinal dispersion, we
have

j = Q a n d £• =

(us-<rs)la\E\-(<js-u
s+i)ln\l-E\

2(1 - <rs/u)(Rs - RS+X)<JSZ
CQHETP

•K*

K, = us+l - u (43)
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where us is the velocity on the concentration plateaux to the left of
the S-wave and us+1 the velocity on the concentration plateaux to
the right of the S-wave (for the C system, the velocity u is
nonuniform).

Relations for estimating the effective width of the multi-
component stationary S-wave are obtained from the distribu-
tions (42) and (43):

(44)

1 -e
(45)

The integration constants Ks in Eqns (39), (40), (42), and (43)
have been obtained from the consideration that the centre of
gravity of the S-wave is zero in the moving coordinate system with
2, = z — Gst 6 5 ' 104> 105> 1 9 9 - 2 0 0

It follows from Eqns (41), (44), and (45), where the denomi-
nator includes the difference F s + 1 - Vs or Rs+i-Rs, that the
smaller the number of concentration jumps in the S-wave the
greater its width and diffuseness.

Analytical solutions of Eqns (38) and (45) can be readily used
for the analysis of the stationary stage in two-component
displacement sorption dynamics of two components (or for the
equivalent system involving the exchange of three ions).200 It
follows from this analysis that the static effects of the interference
of components lead to additional spreading of the concentration
wave compared with its spreading in a one-component system.
This additional spreading occurs in the concentration profiles of
both the displacing agent and of the displaced component and is
greater the greater the curvature of the sorption isotherms.

For markedly curved Langmuir isotherms for the displacing
agent [large values of b \ in Eqn (8)], it has been shown 198'200 that,
in the displacement regime for a two-component system, the
additional spreading of the displacing agent wave (i = 1) occurs
in the region of low concentrations in the 2-wave (S = 2) for the
intraparticle diffusion kinetic stage and in the region of high
concentrations for the film diffusion kinetic stage.

It follows from Eqns (39)-(41) that, in a two-component L
system with displacement of component 2 by component 1, the
mutual influence of the components leads (owing to the sorption
effect) to additional spreading of the concentration waves of both
components compared with a one-component system.198-200 In a
C system, such operation of the static effect of the interference of
substances is analogous to the effect which arises in the Langmuir
sorption L systems. This additional spreading is greater the
greater the Henry coefficient of the displaced component and the
smaller the Henry coefficient of the displacing agent.199'200

XIII. Conclusion
The above analysis of the nonlinear theory of multicomponent
sorption and chromatographic systems yields general conclusions
about the current state of this field of study and of the trends in its
development.

The application of concepts associated with the description of
the behaviour of nonlinear multicomponent chromatographic
systems within the framework of multicomponent concentration
waves, in particular for the determination of the eigenvalues of the
wave velocities, is exceptionally fruitful. Here one should employ
the advances achieved in the theory of fluid and gas mechanics
and also in the mathematical theory of systems of nonlinear
equations of the hyperbolic type.

The theory of multicomponent nonlinear sorption dynamics
and chromatography based on the ideal model has been well
developed for nonlinear Langmuir systems with constant separa-
tion factors for the components.

The Riemann invariants, describing the propagation of the
multicomponent concentration waves arising during the separa-
tion process, have been found. On this basis, the general character-
istics of the behaviour of substances in multicomponent
chromatographic systems have been obtained with allowance for
interference effects. The application of the Riemann invariants on
the basis of the ideal model permits not only calculations of
multicomponent shock and spreading concentration waves with
allowance for the effects of the interference of substances but also
calculation for different forms of the interaction of multicompo-
nent concentration waves.

Such results have been obtained with the aid of both the
/j-transformation and of the concept of coherence, which is of a
general character and is applicable to the vast majority of
nonlinear multicomponent chromatographic systems. The re-
sults have a simple and visual geometrical interpretation, which
is based on the properties of the orthogonalisation of the
composition space {c,} on transition to the invariants space {h^}.

The application of the /i-transformation, based on the proper-
ties of the Riemann invariants and developed in detail in the
monograph by Helfferich and Klein,21 makes it possible to
calculate the concentrations {cf} on the concentration plateaux
for the distributions corresponding to the multicomponent waves
of the (fc- l)th and fcth kinds.

The predictive power of these calculations is based on the fact
that the calculated values on the concentration plateaux between
multicomponent waves are independent of the dispersion factors
(nonideality factors). Using the criterion of the establishment of
stationary regimes in concentration fc-waves (defined as the
decrease in the invariant hk along such a wave), it is easy to
deduce for Langmuir multicomponent systems whether such a
regime is attained for the given fc-wave under the specified initial
and boundary conditions in the chromatography of a mixture of
substances.

The concentration profiles calculated on the basis of the
postulates of the ideal model are unrealistic, since they do not
take into account the dispersion factors in sorption processes
(although these factors always operate). Nevertheless, the ideal
model yields a satisfactory first approximation, especially for the
concentration distributions of spreading fc-waves. In such waves,
the nonlinearity factors and the factors associated with the static
interference of substances, taken into account in the equations for
multicomponent mixture isotherms, play the main role in the
spreading of the £>waves.21

The solutions presented in Section XII of the present review
supplement the approach based on the ideal model of the theory of
multicomponent sorption dynamics and chromatography. The
solutions obtained describe the stationary distributions of con-
centrations in a multicomponent fc-wave of finite width (Az) with
allowance for the nonideality factors in the dynamic sorption
process. According to these solutions, the width (Az) of a
stationary &-wave is proportional both to the HETP and the
static factors arising from the interference of substances, which are
related to the parameters of multicomponent sorption isotherms.
The advantage of these simple analytical solutions consists in the
possibility of taking into account the joint influence of the
nonideality factors and the factors arising from the interference
of the sorbable substances in the stationary stage of the propaga-
tion of multicomponent sorption £>waves.

More accurate results have been obtained in the numerical
integration of the nonlinear multicomponent equations of sorp-
tion dynamics. However, in this case too the analytical solutions
presented here [especially the linear relations (38)] can serve as
reliable tests of the validity, convergence, and accuracy of the
numerical schemes developed for the solution of nonlinear
problems of multicomponent sorption dynamics.

Furthermore, the results based on the analytical solutions (in
contrast to specific numerical solutions) make it possible to obtain
general estimates of the influence of the effects of the interference
of substances in nonlinear multicomponent dynamic sorption
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systems.198"200 It follows from the analytical solutions presented
here that the effects of the interference of substances lead to an
additional broadening of the concentration distributions along
the sorption multicomponent waves generated in the column.

For multicomponent systems with variable separation factors,
especially for systems having regions with selectivity reversals of
the components, the theory has not so far been adequately
developed. For such systems, there is a possibility of a nontrivial
chromatogram in which a specific component is present at the
inlet and outlet and is absent within the multicomponent concen-
tration distributions in the wave.

The concept of coherence,2' •22-8' used to take into account the
effects of the interference of substances, is fundamental in the
description of the behaviour of nonlinear multicomponent
dynamic systems and plays a major role in the development of a
general theory of multicomponent nonlinear sorption dynamics
and chromatography for multicomponent systems of a general
kind. This concept facilitates the qualitative description and
quantitative calculations for multicomponent systems, especially
for arbitrary initial and boundary conditions. The fundamental
nature of this concept extends to the description of the behaviour
of a wide range of multicomponent nonlinear dynamic mass
transfer, heterophase systems, such as multiphase flows in
porous media,195 chromatographic reactors, and nonstationary
distillation.196
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Abstract. The principal stages in a rational strategy for the
investigation of reaction mechanisms are described, in which the
key stage is the formulation of hypotheses at the initial stage of the
study. Computer programs are examined in which hypotheses are
formulated about the mechanisms of complex reactions with
participation of the user. Empirical and formal-logical algo-
rithms and programs as well as various aspects of their applica-
tion are discussed. The programs are compared with those for
computer-aided organic synthesis design, which are similar in
their structures and algorithms. The bibliography includes 119
references.

I. A rational strategy for the mechanistic studies
of catalytic reactions
Until recently, the dominant approach to the study of the
mechanisms of catalytic reactions involved a method which
might be called 'inductive'. Its essential feature is that it implies
the following stages of the study. Initially an experiment is carried
out (mainly a kinetic experiment). A mathematical description is
found for the results of this experiment. The reaction mechanism
is deduced from the mathematical description. A chemical content
is then attributed to this scheme, abstract symbols (such as A, B,
C, X, and Y) being replaced by the formulae of specific
substances. The reaction mechanism is thus obtained. This
approach is so deeply ingrained in the minds of many researchers
that, despite the regularly held conferences devoted to the
methodological problems of kinetic studies in catalysis, it has
been scarcely criticised. On the other hand, the cognitive poten-
tials of this method are extremely limited. Evidently an arbitrary
number of models to describe the same experimental data may be
proposed, and it is impossible to unambiguously deduce a reaction
mechanism from such a description (especially in complex cases).

In practice, investigators studying reaction mechanisms in
accordance with the scheme are guided initially by some hypoth-
esis about the mechanism (there is usually only one hypothesis),
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justifying and elaborating it when necessary if the experimental
data do not fit within the framework of the existing ideas. Doing
so, they understand that the interpretation of the kinetic curves
does point out how the existing hypothesis should be modified.

Analysis of the literature on philosophy1"5 and the applica-
tions of computational methods and mathematical statistics in
chemical kinetics 6~10 has clearly shown that the inductive method
for the investigation of reaction mechanisms is methodologically
unsound. However, the crisis of the inductive method in chemical
kinetics did not arise solely as a result of studies by philosophers
and mathematicians, who are more skilled in logic than other
researchers. The knowledge about reaction mechanisms, includ-
ing catalytic reaction mechanisms, expanded significantly over
several years. As this knowledge accumulated, ideas about the
complexity of catalytic processes also changed. Nowadays inves-
tigators put forward much more complex mechanisms for the
description of catalytic reactions than before. These mechanisms
involve intermediates, which have more complex structures, and
new types of elementary steps. They include a greater number of
intermediates and steps, so that the kinetic models (mathematical
equations) corresponding to such mechanisms have become
appreciably more complex. It became clear that the path 'from
the rate law to a mechanism' is no longer useful for mechanistic
studies and kinetic modeling. In general this method is fruitful
only in relatively simple cases.

The inductive method was replaced by the deductive method,
which can be represented by the following logical sequence:

formulation of hypotheses —*• experiment design

—*• experiment —*• discrimination between hypotheses

—*• mechanisms not in conflict with experiment.

This method is quite natural and has found extensive applica-
tions in many branches of science. Interestingly, the American
Chemical Society has recommended that papers be written
according to a plan that corresponds to the stages of the investi-
gation within the framework of the method.10 Its undoubted
advantage is that the hypotheses are formulated explicitly,
making it possible to estimate the width of the 'search space' and
to draw conclusions about the value of the 'winning' hypothesis.

Figuratively speaking, the investigator actually addresses
questions to nature. According to Polya's apt expression,
'Nature may answer Yes or No, but it whispers one answer and
thunders the others; its Yes is provisional and its No is defini-
tive'.11 Thus the difference between the two methods described
here is clear: an in the case of 'inductive' approach, the an
investigator is in a search for an arbitrary 'yes', whereas, in the
case of the 'deductive' method, the hypotheses for which an
unambiguous 'no' is obtained are to be rejected. It is then
important to know not only the hypotheses remaining after the
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experimental test, but also the entire set of the initial hypotheses.
The method works better if the set of hypotheses is more complete.

Several papers have been devoted to the popularisation of the
deductive method.12" H Comparison of the two strategies allowed
us to conclude that the concept of a 'reaction mechanism'
combines two types of information, topological and physico-
chemical, which are interrelated and interdependent.14

The topological information characterises the structure of the
chemical reaction mechanism (the interrelation of the intermedi-
ates, reaction paths, and their coupling). The identification of the
mechanism structure is based on kinetic and physicochemical
methods. The structure of the mechanism can be well represented
by graphs, which are widely used in chemistry in general 15~20 and
in particular the theory of chemical reaction mechanisms.21 ~23

The physicochemical information reflects the specific chem-
ical content of the mechanism — the composition and structure of
intermediates, their reactivities (the values of rate constants, the
structures of transition states). The topological and physicochem-
ical types of information complement one another and cannot be
obtained independently; i.e., 'in general' one cannot first establish
the kinetic scheme and then attribute chemical content to it.14

An important argument in favour of the idea that hypotheses
must be formulated first is the multiplicity of mechanisms in
catalysis. By multiplicity of mechanisms, we understand the
possibility for the reaction to occur via several different mecha-
nisms (and different intermediates) and the possibility of several
such mechanisms dominating over others depending on the type
of catalyst (in the case of metal-complex catalysis, on the nature of
metal, its oxidation state, and even on the ligands coordinated to
this metal).24

For example, the reaction

C2H2 + CO + ROH CH2=CHCOOR

may occur via three mechanisms:24'25

(1) the hydride mechanism:

C H 2 = C H M X

ROH
CH2=CHCOOR + HMX,

HMX

—*• CH 2=CHCOMX

(2) the alkoxide mechanism:

M n R O " > MUOR - ^ * - MUCOOR 2 2 •»
-H +

—*- MnCH=CHCOOR *• CH2=CHCOOR + M",

(3) the metallocyclic mechanism:

( M ) n

CH

H—(M)n —CH=CHCOOR (M)B + CH2=CHCOOR.

The hydride mechanism is more probable for Pd(0) com-
plexes; the alkoxide mechanism is more probable for Pd(II)
complexes; the metallocyclic mechanism is more probable in
solutions of Pd(I) clusters.

The multiplicity of mechanisms and the increase in their
complexity are best manifested in the polymerisation reactions of
alkynes.24 The simplest mechanism includes two steps — chain
initiation and chain propagation.

Initiation
M-X + R'CsiCR2 *-

M-CR1=CR2—X
nR'C=CR2

Growth

—*• M—(CR'=CR2)n—CR'=CR2X

Other alkyne polymerisation mechanisms are the metallo-
cyclic mechanism

M + 2 RC=CR
Initiation «RC =CR

Growth

and the [2 + 2]-cycloaddition mechanism.

M + 2 RCSsCR
Initiation

-M
C2R2

Growth

VR Growth

R. R R

-M
-M

nC2R2

\ R /

R , R

A mechanism involving several chain propagation and initia-
tion steps is also possible:

Initiator R'C=CH
M *- M=CR 2 *~

R R
-M \y M

R'C=CH
Growth

H

R R

R>

R1

M- Growth

R1 H

R M R'GssCH
etc.

R R1 R1

As can be seen from the above examples, the same reactions
can occur via different mechanisms. The researcher usually knows
from the literature some plausible reaction pathways and uses
them explicitly or implicitly as hypotheses.
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II. The formulation of hypotheses on the
mechanisms of catalytic reactions
The formulation of hypotheses is a creative task and cannot be
fully formalised either now or in the future. However, certain
elements of this procedure can be formalised. Furthermore, it is
the investigator's intuition combined with the ability of a com-
puter to execute complex algorithmic procedures that constitutes
a good basis for the formulation of mechanistic hypotheses.

Three groups of hypotheses were discussed:14 (1) hypotheses
about the nature of a catalyst, (2) hypotheses about elementary
steps, and (3) hypotheses about the conjugation nodes. In addit-
ion, a fourth group, which combines the elements of the above
three groups, was considered: hypotheses about the reaction
mechanism as a whole. Each of these groups of hypotheses can
serve as a basis for the design of discriminating experiments
(hereafter, we shall use the term 'experiment design' in a broader
sense than that adopted by the specialists in statistics).

In the case of homogeneous metal-complex catalysis, the
group of hypotheses about the nature of the catalyst includes the
following problems: the condition of a catalyst in solution, the
existence of complexation equilibria, the specific role of solvent,
the degree of nonideality of solution, the influence of the solution
components on the solubility of substrates (when the reaction is a
heterophase one), and the effect of the reaction medium on metal
complexes. In heterogeneous catalysis, the following factors
should be considered: the composition and nature of the surface,
the phase composition of the catalyst, the degree and the nature of
the surface nonuniformity, the adsorption of reactants and
products, and the transformations of the active sites under the
influence of the reaction medium.

The group of hypotheses about elementary steps of the
reaction mechanism permits the discrimination between the
mechanisms at the level corresponding to the discrimination
between the individual steps. Here it is also essential to have a set
of hypotheses which is as complete as possible.

In the complex cases of stoichiometrically ambiguous reac-
tions, the third group of hypotheses proved very useful — the
hypotheses about the conjugation nodes in the kinetic scheme of a
reaction.13 The conjugation node is a fragment of the structure of
the reaction mechanism incorporating the intermediate that is
transformed by two or more steps. The form of the expression for
the ratios between the rates of product formation via different
routes having a conjugation node determines the structure of this
node. When the reaction is far from equilibrium and the routes via
which the products are formed include irreversible stages, the
ratios between the product formation rates are far simpler
functions of the reactant concentrations than the rates themselves
or even the expressions for the selectivity. It is worthwhile
analysing the conjugation nodes bearing in mind some hypothesis
about the possible reaction mechanism (i.e., at the stage of
designing the discriminating experiment). However, even if the
general reaction mechanism is unknown, such analysis is all the
same useful.13 Examples of analysis of conjugation nodes were
discussed in several papers.1326"28

When a priori information about the process is available, it is
useful to formulate, before putting forward the hypotheses, the
requirements that should be satisfied for all the hypothetical
mechanisms. Naturally, the greater the amount of a priori
information, the smaller the number of hypotheses which should
be tested.

In this review, we restrict the consideration to the formal
aspect of the problem of the formulation of hypotheses and
discuss the methods of computer-aided hypothesis generation.

Numerous publications have been devoted to the problems of
computer-assisted synthesis design (CASD). Investigators —
users of the CASD program — usually solve the following
problems: 'which reactants must be used and which reactions
must be carried out to prepare a given substance in the simplest
way?' and 'what can be obtained from the specified set of

substances?'.29"33 By the most conservative estimate about 500
original papers and several tens of reviews have been devoted to
the CASD problem. Here we shall refer only to those reviews that
contain a fairly complete list of references.

The CASD methods are in many respects the same as the
methods for the computer generation of hypotheses about reac-
tion mechanisms. There is also the resemblance between the
algorithms of the programs. Furthermore, problems associated
with the complexity of the algorithms for combinatorial search
inevitably arise in both cases. In order to avoid a combinatorial
explosion, particular attention is devoted to the development of
effective selection criteria, which make it possible to shorten the
working time of a program. However, computer generation of
reaction mechanisms also has its specific features.

Firstly, in contrast to the majority of CASD algorithms, the
programs designed to formulate the mechanistic hypotheses deal
with elementary reactions rather than synthetic ones. At any rate,
the developers of the programs for mechanism generation devote
much more attention to the problem of the reactions being
elementary. Secondly, the central problem which then arises is
not that of the way in which the multistage synthesis can be carried
out but concerns the alternative variants of the behaviour which
may be expected from the chemical system when it is 'left alone'
(after specifying particular conditions). Thirdly, in the computer-
assisted synthesis design, use is also made of the evaluation
criteria, which are inapplicable to the reaction mechanisms.
These include criteria associated with the choice of a 'synthesis
strategy'31'34"36 and with the estimation of the cost of the
synthetic steps,37 the criteria characterising the similarity between
intermediates and target products,29-38"54 the criteria employing
the complexity and similarity information-theoretic indices for the
description of the complexity of the synthesis,55"57 etc. In certain
programs, some of these criteria have been erroneously extended
to the study of the mechanisms. Criteria such as the mechanistic
complexity indices may be used, in principle, in the study of
reaction mechanisms; however, they may not be used as evalu-
ation criteria underlying the program and must be employed for
discrimination between hypotheses if it is necessary to choose the
simplest mechanism for the description of experimental observa-
tions. Otherwise the correct but more complex hypothesis may be
neglected whereas sets of simpler but incorrect hypotheses would
be subjected to experimental tests.

In the study of a reaction mechanism, the physicochemical
criteria come to the fore. These are associated with the estimation
of the chemical reactivity and are based, for example, on the
calculations of electronegativity, polarisability,58 bond ener-
gies,59"64 thermodynamic functions,65-66 and other physico-
chemical quantities. In addition, use is made of criteria based on
heuristic rules such as Tolman's rules,6 7 6 9 the restrictions the
molecularity of the stages, and others. The choice of the evaluation
criteria is a key factor in the development of programs for the study
of reaction mechanisms, since they determine in many respects
the plausibility of the results and the program execution time.

Yet another difference between the CASD programs and
those for the generation of mechanisms is that the completeness
of the combinatorially feasible hypotheses concerning the syn-
thetic pathways is less important than the completeness of the
hypotheses about the reaction mechanisms.

The computer programs which are being developed for the
generation of reaction networks and for the study of the possible
reaction routes can manipulate chemical information at a more or
less general level. In some cases, the reaction is formulated in a
compact form (only the transformation of the molecular fragment
is described or it is simply indicated which bonds — and between
which atoms — are formed or broken), whilst in others the
reaction is specified in greater detail (not only the reacting
fragment, but also all the reacting molecules or even the reaction
conditions are specified). Depending on how detailed is the
description of the reaction, one speaks of a greater or lesser
degree of its generality.
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The developers of programs have encountered several typical
problems. The generation of hypotheses always involves com-
binatorial searching. The algorithm frequently contains several
modules designed for the solution of different problems associated
with backtracking. One such module is usually designed for the
solution of the problem of the generation of intermediates and
another, for testing the intermediates for isomorphism (i.e., the
program checks whether a given intermediate was obtained
previously). In order to reduce the computation time, specific
procedures, which depend on the type of the specific program, are
employed.

In principle, there are two types of program: empirical
programs and programs tending to be of the formal-logical
type 31,32 j n t j j e former; use is made of libraries of generalised
reactions | (the degree of generality can differ greatly, but specific
reactions are usually not considered, since with their aid one can
obtain only trivial hypotheses which have already been described
in the literature).

Generalised reactions play the role of operators, which by
acting on a molecular fragment, give rise to a new fragment. Since
the initial molecule is known, the entire reaction also becomes
known. Thus, the program algorithm reduces to the exhaustive
search for molecular fragments to which specified generalised
reactions may be applied. Apart from all the possible limitations,
which are specified by the user, the degree of generality also plays
the role of an evaluation factor.

In programs of the second (formal-logical) type, the reaction is
formulated on the basis of some logical rules (these may be
stoichiometric relations, the search for all possible bond redis-
tributions, etc.). Obviously, the programs of the second type are
highly inter-active and require stronger constraints and evaluation
criteria.

III. Programs for the formulation of hypotheses
on the mechanisms of complex reactions
1. Programs of the formal-logical type
One of the most common methods for the development of
programs for the study of chemical reaction mechanisms is that
based on the Dugunji-Ugi mathematical model.38 This method
was used in a program package of the Munich project.29

t By a generalised reaction, we understand a description of the chemical
reaction lacking the particular details distinguishing each specific reaction
from similar ones. Such details may be atoms or whole fragments which
are not involved directly in the redistribution of electrons or in the formal
redistribution of bonds. In generalised reactions, the designations of
atoms may be replaced by symbols. The representation of a generalised
reaction may look nothing like a reaction, which is unusual for chemists:
matrices, graphs, special-format files, or their individual components may
be used.

The Dugunji - Ugi model, also known as the fee-matrix model,
uses the matrix representations of chemical structures. Suppose a
set of atoms (not necessarily different) s4 = (Ai, A2, ...,An) is
specified. The set of the possible sets of molecules made up of these
atoms may be regarded as isomeric ensembles of molecules EM.
Each atom A,, A, e s/, is included in each isomeric ensemble EM
once and only once. The complete set of k isomeric ensembles of
molecules forms a family of isomeric ensembles FIEM(^/)
= {EMi, EM2, ..., EMA:}. TWO isomeric ensembles of the same
family are different (nonisomorphic), if they contain different sets
of molecules or other species. The initial species and final products
may be represented by structural fee-matrices of the two isomeric
ensembles (for the initial species and the products). The non-
diagonal entries of the fee-matrix reflect the connectivity of the
atoms from the set J / in the molecules belonging to the corre-
sponding isomeric ensemble. The diagonal entries are equal to the
number of free valence electrons of the corresponding atom.
Suppose that the fee-matrix B describes the initial species and
the fee-matrix E describes the products of some reaction:
EM(fi) —»• EM(£).$ The bond redistribution can then be
described by the fundamental equation of the Dugunji-Ugi
model:

B + R = E,

where R is the matrix transforming B into E (the /--matrix).38

Consider as an example the methanol carbonylation reaction:

H2—C4—O5—H6 + :C7=O8

H'\ J?
H 2—C 4— 7C
H3 X 6 5 — H 6

In this case, the set of atoms comprising the isomeric
ensembles of FIEM may be described as (H1 , H2 , H3 , C4 , O5 , H6 ,
C7 , O8), while the equation of the Dugunj i -Ugi model assumes
the form presented in Scheme 1.

The matrix R can be represented as the sum of the r-matrices
of the elementary steps of the mechanism:

R = R1 + R2+ ... +Rs

(S is the total number of elementary steps), while the entire
mechanism can be represented as a sequence of transformations
of the isomeric ensembles:

EM(B) = EM, EM2 5 = EM(£)

$ Hereafter we use the abbreviations and designations adopted in the
English language literature: EM = ensemble of molecules; FIEM is the
family of isomeric ensembles of molecules. The Latin symbols be and r,
appearing in the designations of the matrices, arise from the words bond-
electron matrix and reaction matrix. The symbols B and E arise from the
words beginning and end.
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For catalytic reactions, the set stf must be supplemented by the
atoms entering into the composition of the catalyst. For example,
the reaction described above takes place in the presence of the
Rh(I)-HI catalytic system.70"72 The isomeric ensemble
EM0 = EM(B) must then include the HI and [Rh(CO)2l2]~
species. A simplified mechanism of the methanol carbonylation
reaction can be written as follows:72

{CH3OH + HI + CO + [Rh(CO)2I2]-} -^-»-

EMo

—>- {CH3I + H2O + CO + [Rh(CO)2I2]-} -?-*•

EM,

—*• {H2O + CO + [(CH3)Rh(CO)2I3]-} -?-*•

EM2

—*- {H2O + [CH3C(O)Rh(CO)2I3]"} -^-*-

EM3

—*• {H2O + CH3C(O)I + [Rh(CO)2I2]-} -^-*~

EM4

—*• {HI + CH3C(O)OH + [Rh(CO)2I2]-}.

EM5

In this example, each of the five stages of the mechanism can be
represented in a matrix form:

Bi+jRi = Ei, (=1 ,2 , . . . , 5,

where B, = £,-_ 1 and the overall transformation can be expressed
as follows

B(EM0) + R = £(EM5).

Here /? = Hi

The computer program RAIN was developed for the inves-
tigation of reaction mechanisms within the framework of the
Munich project.29'30'73" 78 A distinctive feature of this program is
the so called 'bilateral' search. The RAIN program inherited from
CASD the idea of retrosynthesis,79'80 in which the possiblity of
searching for possible starting reactants by inspecting the prod-
ucts (retrosearch) is employed. In RAIN, the search is carried out
simultaneously in the forward and reverse directions (bilateral
search). Reaction generators, which make it possible to find both
the reactions and retroreactions, are used in the RAIN program.77

The reaction generators constitute, in fact, a compilation of
logical rules controlling the process of formulation of a specific
reaction (or retroreaction). These rules are based on the combi-
natorial enumeration of all possible bond redistributions. The
enumeration is constrained by the user's settings. Transition
tables should apparently be regarded as the principal con-
straints. These tables, compiled for atoms of each type, restrict
the number of transformations (and retrotrans-formations) of the
valence states of atoms in the course of the generation of
elementary steps. No generalised reactions of any kind are
thereby used. Therefore, the RAIN program can be categorised
as program of the formal-logical type.

The idea of the bilateral search is applied as follows. Isomeric
ensembles of the initial species [EM(B)] and final products
[EM(£)] are specified. The reactions and retroreactions are
sought for the ensembles EM(B) and EM(£), respectively. At
some step, two (or more) intermediate isomorphic isomeric
ensembles are obtained as a result of the search in different
directions. In other words, the generation of reaction pathways
in the direction of the products and in the direction of the initial

species should lead to isomorphic isomeric ensembles. Methods
have been developed for the optimisation of the search for
isomeric ensembles of molecules connecting the search tree to the
retrosearch tree30 on the basis of the principle of the minimum
chemical distance.29'30'38"43 A chemical distance is regarded as
the number of electrons which must be redistributed in order to
convert one ensemble of molecules into another.

The action of this principle as an optimising factor is based on
the following hypothesis. Let an ensemble of molecules be
subjected to various transformations. The processes having
smaller chemical distances between the reactants and products
are more probable than those having greater distances. According
to Ugi et al.77 the permissible deviations from this rule are within
two units of the chemical distance (one or two electrons); i.e., the
reaction can sometimes choose a pathway not corresponding to
the minimum structural changes, but these deviations from the
general rule are not very large.

The combinatorial search in the RAIN program is limited by
the user-defined constraints. In particular, apart from the transi-
tion tables, other formal constraints can be introduced: the
maximum number of atoms entering into the reacting fragment
of the molecule; the maximum change in bond order during the
elementary reaction; the maximum number of bonds the order of
which changes; the minimum size of the rings in the carbon
skeletons of the molecules that contain triple or cumulated
double bonds; the maximum number of charged atoms; the
maximum number of covalent bonds between heteroatoms; the
maximum number of rings; the maximum number of individual
molecules in the intermediate ensembles of molecules, etc. (18
rules total).

The bilateral search has several drawbacks. In contrast to
CASD, in the study of reaction mechanisms it is necessary to
conduct the search in one (preferably forward) direction, since the
intermediates formed during the reaction may interact with each
other and may participate in reactions with the initial substances.
It is then necessary to expand the set si at each step of the
generation of the possible ensemble of molecules (and hence to
increase the size of the ensemble). This is impossible within the
bilateral search, which, within the framework of the Dugunji - Ugi
model, requires the set s£ to be fixed and not to change during the
execution of the program. According to Barone and Chanon,32

this was first mentioned by Yoneda, but the paper containing a
description of his GRACE program81 does not deal with the
problem of the possible expansion of the set si in the course of its
execution.

Like RAIN, the GRACE program belongs to the formal-
logical type, but it employs a somewhat different principle of
reaction generation. Yoneda put forward the idea of reaction
group matrices that describe the transformations of functional
groups of the molecules. Upon imposing the constraints, the
GRACE program identifies the functional groups within the
molecules and generates the reaction group matrices by a
combinatorial-logical procedure. Then, it detects all possible
combinations of the reaction group matrices from which the
elementary reaction matrices may be obtained (the r-matrices of
steps). Thus, as in the RAIN program, the GRACE program
employs neither the library of functional group transformations
nor the library of elementary reactions, which are the combina-
tions of the functional group transformations.

In the GRACE program, the evaluation criteria are formu-
lated by the user according to the standard scheme. The following
constraints are possible:

(1) the number of atoms (reaction centres) the valence state of
which changes during the elementary reactions must not exceed 4;

(2) the number of broken bonds (or bonds the order of which is
decreased) and formed bonds (or bonds the order of which is
increased) should not be greater than 3;

(3) the molecularity of each reaction should not exceed 3;
(4) the number of unpaired electrons on one atom should not

be greater than 1;
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(5) the number of atoms with unpaired electrons in one
molecule should not be greater than 4;

(6) the numbers of valence electrons at the carbon and
hydrogen atoms should be 4 and 1 respectively;

(7) at least one active centre on the catalyst surface must
participate in each step;

(8) the hydrogen atoms must be adsorbed on the catalyst
surface and cannot exist as free radicals.

The program allows the user to change any particular
constraints or not use some of them at all. Apart from these
constraints, an upper limit to the complexity of the elementary
transformation is predefined. The quantity calculated from the
r-matrix and equal to half the chemical distance was adopted as a
measure of complexity. A network of elementary reactions (the
reaction network) is generated in the forward direction only,
which makes it possible to expand the set s^ in the course of its
growth when necessary. The execution of the program may be
illustrated by the reaction network generated for the hetero-
geneous catalytic hydrogenation of ethene:81

CH2 = CH2 + 2Z —i

H2 + 2Z —»- 2HZ

ZCH2-CH2Z + HZ

ZCH2-CH3 + HZ -

ZCH = CH2 + 2Z —

2HZ —*• H2 + 2Z

ZCH2-CH2Z

—*• ZCH2-CH3 + 2Z

• CH3-CH3 + 2Z

ZCH = CH2 + HZ

•ZCH=CHZ+HZ

Z is an active site of a catalyst.
It is of interest to note that the same set of reactions, which are

formulated as transformations of ensembles of molecules, is
somewhat larger by virtue of the identity of certain trans-
formations. For example, the following two transformations
constitute essentially the same reaction.

{CH2 = CH2 + 4Z+H2}

{CH2 =

{ZCH = CH2 + HZ + 2Z + H2}

*• {ZCH = CH2 + 3HZ}

In this sense, the Dugunji - Ugi model is somewhat redundant.
Indeed, if the same reaction had not been duplicated, less time
would be needed for the program run. When the number of
elementary steps is large, this factor plays a significant role. There
are seven reactions in the example presented above. If the
reactants are represented by an ensemble of molecules, then 11
transformations of such ensembles are required (i.e., 1.5 times
more). The time required for the interpretation of the results
proportionally increases.

CH...C,

CH2—Cl

t

The Dugunji-Ugi model was also used in Dozmorov's
program.55 Dozmorov proposed a new similarity measure,
which made it possible to diminish the number of steps and
intermediates generated. This similarity measure is a topological
information-theoretic index which involves information compo-
nents of different nature.82 In our opinion, the use of this
characteristic as an evaluation criterion has no sufficient physical
justification. Dozmorov does not report the details of the
algorithm, but it appears that, as in the GRACE program, only
the forward search is employed in his program, while the
elementary reactions are generated by combinatorial-logical
methods (i.e., it also belongs to the formal-logical type). The
reaction network of the 'informationally' allowed steps of the
ethene chlorination reaction, obtained with the aid of this
program, is presented in Scheme 2.

Thus in all the programs of the formal-logical type, based on
the Dugunji-Ugi model, similarity characteristics are used to
reduce the number of 'false' solutions. In the RAIN program, the
criterion is the chemical distance (of all possible transformations
of the ensemble of molecules, the program selects only those
corresponding to the minimum chemical distance to within an
error of 2 units of the chemical distance.) In the GRACE program,
the criterion is the complexity of the elementary reaction equal to
half the chemical distance (the user specifies the upper limit to this
quantity). In Dozmorov's program, the criterion is the informa-
tion topological index, with the aid of which the program decides
whether an elementary reaction is allowed or prohibited from the
standpoint of imformation.

The MECHEM program developed by Valdes-Perez83"92 has
appeared comparatively recently. Its algorithm is based on the
stoichiometry principles. The initial version of the program
operated not with the structural formulae of species, but with
their compositions. Currently, the program also makes it possible
to recognise the structures of substances. The MECHEM pro-
gram belongs to the type of formal-logical programs because it
does not employ any libraries of generalised reactions. The
mechanisms are generated by the constrained combinatorial
search for possible transformations of hypothetical intermedi-
ates. There are no reaction generators as such in the program. The
'skeleton' of the reaction mechanism is formed with further
specification of the elementary steps and species. The model for
the formulation of hypotheses is based on the following princi-
ples:85

(1) The program searches for the simplest mechanisms
(hypotheses) by a progressive increase in the number of steps
and species. If the mechanisms with a smaller number of steps and
species do not satisfy all the user-defined constraints or the
condition of elemental balance, the number of species is increased
or whilst the number of species is held constant the number of

Scheme 2

CH2 Cl
II + I
CH2 Cl

CH2

|| 'rci—a
CH'2

CH2 Cl +

CICH2—CH2 + cr

C1CH2—CHj + Cl-
or

C1CH2—CHJ + Cl"1

2cr

C1CH2—CHf + Cl

2H2C:+ 2C1"

C1CH2—CH2C1
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steps is increased. Thus the complexity of the hypotheses is
characterised by the number of species and steps.

(2) The set of reaction mechanisms in which the unknown
intermediates are designated by wild cards X, Y, Z, etc., is initially
generated. These wild cards are then replaced by the formulae of
specific substances. Their empirical formulae are evaluated from
the elemental balance (in the latest version of MECHEM, an
algorithm for the determination of the structures of species from
their formulae is employed;90 it is then possible to impose
constraints on the species structures93).

(3) The molecularity and the number of products of an
elementary reaction do not exceed 2; in the same step, the same
species cannot play the role of both the starting material and the
product.

(4) The mechanisms are generated in such a way that each step
cannot have starting materials that were not generated in the
preceding steps or specified by the user as starting materials. (This
and several other principles constitute the basis of the canonical
representation of mechanisms91).

The user inputs the starting materials and products, the initial
form of the catalyst (if it exists), and the intermediates observed.
The user also inputs the constraints on the valence of each atom,
the order of the appearance of the intermediates in the steps, the
possibility (or impossibility) of the initial species being among the
products of particular steps, the number of bonds the order of
which changes, etc. A large number of heuristics, which make the
algorithm more effective, are used in the program.89

Possible mechanisms of ethane hydrogenolysis were generated
with the MECHEM program.88'89 The following constraints were
used: (1) the overall stoichiometry is C2H6 + H2 —*• 2CH4;
(2) one catalyst active site M can form only one bond (not
necessarily a single bond); (3) intermediates with a bridged
structure, MCH2-CH2M and M C H - C H M , are present in the
reaction; (4) hydrogen is not formed in any of the steps; (5) all
intermediates contain at least one catalyst site M; (6) none of the
intermediates contain three carbon or metal atoms; (7) no more
than three bonds are formed and broken (regardless of their order)
in one step; (8) the MCH2 —CH2M intermediate must appear in
the sequence of steps before the MCH —CHM intermediate.
Apart from these constraints, account was also taken of the need
to maintain the elemental balance in each step and the condition
that the valences of hydrogen and carbon atoms do not exceed 1
and 4 respectively. Among other mechanisms of the same
complexity (i.e., with the same number of steps and species), the
following mechanism of ethane hydrogenolysis was generated: §

1. H2 + 2M —»- 2U

2. 2M + C2H6 —»- U + V

3. 2M + V —»- MCH2-CH2M + U

4. M + MCH2-CH2M — - U + W

5. 2W — - MCH2-CH2M + MCH-CHM

6. MCH-CHM — - 2X

7. rj + X —*• M + Y

8. 2Y —»- X + Z

9. u + Z —*• 2M + CH4

Here U, V, W, X, Y, and Z are intermediates which were
interpreted by the program as HM, CH3-CH2M, CH 2 -CHM,
MCH, CH2M, and CH3M respectively. The stoichiometric
numbers of steps 1-9 are 1, 1, 1, 2, 1, 1, 4, 2 and 2, respectively,
with which all the intermediates vanish in the overall equation.

§ Since the program generates only unimolecular and bimolecular reac-
tions (this is one of the principles inherent in the algorithm for the
generation of a step), it is seemingly implied that 2M represents two
linked active sites of the heterogeneous catalyst (M2).

The intermediates MCH and CH2M may be interpreted as
carbyne and carbene complexes (at the time when the above
investigation was carried out, the algorithm for the identification
of bond orders was introduced into the program).

Generally, the MECHEM program is designed to search for
hypotheses invoked to account for the results of observations (i.e.,
the hypotheses follow the observations). As mentioned above,
another formulation of the problem is methodologically more
correct: What variants of observations are to be expected? We
may note that the weakest feature of this program is the concept of
the selection of simplest mechanisms. It is reasonable to employ
simplicity criteria at the step involving the discrimination between
hypotheses and also at the instant when the experimental tests of
the hypotheses have already been completed and the remaining
hypotheses explain equally well the observations and agree with
the background knowledge about the processes of a given type. In
this case, when the future design of experiments is unclear or if it is
impossible to experimentally discriminate between the hypotheses
by means of the available methods, it is useful to apply criteria
characterising the simplicity of the mechanism. These may be
criteria based on a simple count of the number of steps and species
(as in MECHEM) or more complex criteria.94"97

Apart from the formal-logical methods of generating reaction
networks discussed here, in many studies the reaction mechanisms
have been generated by the joint application of combinatorial
methods and stoichiometry,98"100 as well as graph theory.101

Computer programs were not created on the basis of these
methods, nor they have been adequately documented in the
literature. Methods have also been developed for 'cutting off'
the mechanisms from the reaction networks that match a given
overall stoichiometry.9'98'102"112 In these methods, it is postu-
lated that all starting materials, intermediates, and final products
and sometimes the equations of the steps are known. For this
reason, despite the usefulness of such algorithms and programs for
the study of mechanisms, their employment for the generation of
hypotheses about the mechanisms of chemical reactions is
extremely limited.14

2. Empirical programs
As stated above, all empirical programs are characterized by a
general property: generalised reactions (transforms) are employed
in them. The method used to describe the generalised reactions can
be arbitrary. The general algorithm involves the recognition of
molecular fragments to which particular generalised reactions
(reaction templates) can be applied with subsequent generation of
specific reactions and structures of substances.

One of the first empirical programs is the CAMEO pro-
gram.113 At the time of writing the present review, 25 communica-
tions have already been published. Here we refer only to the first
publication''3 and to a review.'14

The CAMEO program is designed to simulate the mechanisms
of organic reactions. It is characteristic of the program that the
search for each successive fragment to which a particular gener-
alised reaction may be applied is performed in this program solely
in the forward direction (side paths are then considered and
account is taken of the interaction between the intermediates).

The starting materials and the reaction products, the reaction
conditions, and also the list of modules which must be activated
are initially specified. The program contains several modules,
each of which is designed to describe a particular class of organic
reactions. The molecules are represented in the form of special
tables in which atoms and bonds are specified.108 These tables
contain the following information: the ordinal number of each
atom, the type of each atom (C, H, ...), its coordinates on the
graphical display, and the code of the charge (numbers 1, 2, and 3
stand for a cation, anion, or a radical, respectively; if the atom is
neutral, then the code 0 is used); it is indicated between which
atoms there are bonds and what are their orders. Each bond has a
unique number. The location of the bond relative to the conven-
tional plane of the figure is indicated. Furthermore, account is
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Table 1. List of substances proposed by the TAMREAC program for the generation of the ethene hydroformylation reaction network.68

No. of species Chemical formula No. of species Chemical formula

1

2

3

4

5

6

7

8

RhJL2(H)(CO)2

(n2-C2H4)RhIL2(H)(CO)2

Rh'L(H)(CO)2

C2H5RhIL2(CO)2

O = C(C2H5)-RhIL2(CO)

0 = C(C2H5) - RhlnL2H2(CO)

RhIL2(H)(CO)

CH3CH = Rh:L2(H)(CO)2

>RhmL2(H)(CO)

21

22

23

24

25

26

O'

RhmL(H)(CO)

10 = CHCH3] - RhIL2(H)(CO)

[n2-C(O) = CHCH3]RhIL(H)(CO)

O = CH - CH(CH3) - RhnlL2H2CO

Rh'L2(CO)

CH3CH = CH - O - RhIL2(CO)

RhnlL2(H)(CO)

O

11

12

13

14

15

16

17

18

19

20

Note

O = CH - CH(CH3) - Rh'L2CO

. BM11T m v r n i

r hmL2(H)(CO)

L

(V-C2H4)Rh'L(H)(CO)2

C2H5RhIL(CO)2

C2H5RhnlL(H)2(CO)2

CO

CH3CH = RhIL(H)(CO)2

The initial species were Rh'L2(H)(CO)2 (L = PPh3), C2H2, CO, and H2.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

H2

HO - CH = CHCH2 - RhIL2(CO)

HO - CH = CHCH2 - RhmL2H2(CO)

CH3CH = CH - O - RhmL2H2(CO)

O

h2-CH2 = CH - C(O)]Rh'L2(H)(CO)

CH3CH = C H - O H

0 = CHCH2CH2 - RhIL2(CO)

O = CHCH2CH2 - Rh lnL2H2(CO)

|.

P>=o
C2H4

C2H6

CH2 = C H - C H = O

C2H5CHO

taken of the evaluation rules, including the rules based on
physicochemical principles (estimates of pA â, A///, the
HOMO-LUMO energies, heats of reaction, etc.).

The following modules were designed: reactions catalysed by
bases and acids (reactions involving nucleophilic and electrophilic
species) pericyclic reactions, redox reactions, free-radical reac-
tions and chain processes, reactions of carbenoid species,
reactions involving reduction by hydrides, and 'ene' and 'retro-
ene' syntheses. With the aid of the CAMEO program, it is possible
to determine the most probable sites of attack by active species
and to estimate the comparative reactivities.

The TAMREAC program67-69 was designed for investiga-
tors in the field of organometallic catalysis. Unfortunately, the
authors 67~69 did not publish the details of the algorithm and it is
therefore difficult to analyse the real possibilities of the program.
Connectivity tables in which each atom is characterised by a
number and a symbol (carbon, hydrogen, metal, arbitrary atom,
arbitrary electrophilic atom, etc.) are used for the computer
representation of the molecules within the framework of this
program. In the tables, it is also indicated with which atoms and
by what bonds the given element is linked and what is its overall
charge (oxidation state). Furthermore, tables of r]2-bonds have
been introduced for the description of the r|2-bonds with metals,

in which it is indicated between which atoms there is a multiple
bond and to which atom it is coordinated. The r|3-coordination is
described with the aid of two isomeric structures:

M

The TAMREAC program provides for the possibility of
generating elementary steps in each of which there is not more
than one metal atom. The developers of the TAMREAC program
systematically analysed a large number of elementary concerted
reactions and constructed a well-organised library of generalised
reactions. It includes the following reactions: (1) oxidation of the
metal, (2) reduction of the metal, (3) reactions affording occupa-
tion of a coordination site, (4) reactions creating a vacant
coordination site, (5) reactions without change in the oxidation
state or the coordination number of the metal, and (6) radical
reactions and one-electron transfers. The library consists of files
each containing several generalised reactions, described in the
form of a structural transformation of the reaction fragment.

The TAMREAC program contains an algorithm for the
recognition of ligands, the number of electrons they can donate
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Table 2. The reaction network for the hydroformylation of ethene generated by the TAMREAC program.68

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

Reaction a

1 — - 3+15

1 —»- 7 + 19

1+37 — - 2

2 — - 1 + 37

2 — • • 4

2 —»- 16+15

3 + 15 —»- 1

3 + 37 —»- 16

4 —*• 2

4 — - 5

4 — - 8

4 — - 17 + 15

5 —»- 4

5 —»- 10

5 + 27 — - 6

6 —»- 5 + 27

6 —«- 7 + 40

7 + 19 — - 1

7 + 31 — - 26

7 + 33 — • 30

7 + 33 —*. 29

7 + 36 — - 14

No.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

a The numbers of species are indicated in Table

Reactiona

7 + 39 —»- 32

7 + 40 — - 6

7 + 40 —». 23

8 —»- 4

8 —»- 9

8 —>• 20 + 15

9 —*• 10

9 —*• 11

9 —» 16

9 — - 21 + 15

10 —»- 5

10 —*• 9

10 —»- 11

10 —»- 22 + 15

11 — • 9

11 —»» 10

11 —»• 24

11 — • 32

11 + 27 —»- 23

12 —»- 9

12 — - 13

12 —»- 16

1.

No.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Reactiona

13 —»- 12

13 + 15 — • 14

14 — - 7 + 36

14 — - 13 + 15

15+16 —»- 2

16 — - 3 + 37

16 —»- 9

16 —»- 12

16 —». 20

17+15 —•- 4

17 — f 20

17 + 27 — • 18

18 — • 3 + 38

18 — - 17 + 27

20+15 —»- 8

20 — - 16

20 — * 17

20 — - 21

21 + 15 —«- 9

21 —»- 22

22 + 15 —•- 10

22 —»- 21

No.

67

65

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Reaction a

23 —»- 7 + 40

23 — - 11 + 27

24 — * 11

24 —»- 25

25 + 27 — - 30

25 —»- 24

25 — • 26

26 —•• 7 + 31

26 — • 25

26 — - 28

28 —»- 26

28 + 27 — - 29

29 —*• 7 + 33

29 —*• 28 + 27

30 — • 7 + 33

30 —»• 25 + 27

32 — * 7 + 39

32 —*• 11

32 —*• 34

34 + 27 —*• 35

34 —»- 32

35 — - 7 + 40

35 —»- 34 + 27

and the number of sites they can occupy. The number of valence
electrons of the metal atom and its oxidation states are calculated
from these data. The information obtained is used in the
evaluation criteria. For example, it is ensured automatically that
the number of valence electrons is within the limits specified by the
user. The program also contains an algorithm for the recognition
of the geometry of each complex. The developers of TAMREAC
created a system of evaluation rules on the basis of which an expert
assessment of the reaction plausibility is made using the data on
the type of reaction (reductive elimination, migratory insertion,
metallocycle formation, etc.), the coordination number of the
metal, the number of valence electrons of the metal atom, and the
geometry of the complex. This information, formalised in the
form of evaluation matrices, is usually very useful to the
investigator. However, one should understand that the data on
the basis of which a conclusion is made are not sufficient.
Therefore, such an estimate can be taken into account, but the
possibilities of its employment within the framework of any
specific study are extremely limited. Account must also be taken
of the fact that the evaluation rules indicated above are usually
developed exclusively on the basis of experimental observations
which often lack a reliable theoretical justification. These rules are
continuously revised and, generally speaking, they lack 'the
strength of a law'. By studying a specific system, each investigator
has ultimately the right to solve independently the problem of the
need to take into account the expert recommendations. For this
reason, the most acceptable variant is where the user (the
investigator) is himself able to formulate the evaluation rules in
accordance with various schemes proposed by the program.

The TAMREAC program was tested on a large number of
specific reactions, and in a number of instances extremely inter-

esting results were obtained. For example, this program was used
to generate the reaction network for the ethene hydroformylation
in the system containing HRh(CO)2L2 (L = PPh3).68 The starting
materials were ethene, H2, CO, and HRh(CO)2L2. It is seen from
the results presented in Tables 1 and 2 that the program
'synthesised' fairly interesting by products, the search for which
in a real catalytic system will help to confirm or reject some of the
proposed pathways.

The KOMSIKAT program package for the investigation of
the mechanisms of catalytic reactions has been developed at the
Institute of Catalysis of the Siberian Division of the Russian
Academy of Sciences on the basis of the Dugunji-Ugi model and
the group matrix method (similar to that employed in the
GRACE program81).59^64 In general, the ideas underlying the
KOMSIKAT program are similar to those implemented in the
GRACE program, but it does not use all the combinatorially
possible group matrices, only those specified by the user. There-
fore, this program should be categorised as an empirical program.
The authors of the KOMSIKAT project extracted from literature
data the characteristic structural types of elementary transforma-
tions involving the catalyst. In particular, the authors postulated
that the processes occurring in the CO + H2 system with
participation of a metal M may be described by five basic types
of elementary transformations. Table 3 presents the reaction
fragments and the corresponding blocks of r-matrices (index
group matrices) employed. The diagonal elements of the index
group matrices characterise the changes in the number of valence
electrons.

In the KOMSIKAT program, the energy criterion was used in
the evaluation of reaction pathways. The reaction network was
generated as follows. In the first stage, all possible ensembles of
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Table 3. The reaction fragments and the index group matrices used in the
KOMSIKAT program.64

Bond redistribution scheme Index group matrix

M + X - Y X - M - Y

X - M - Y M + X - Y

M - X - Y Y - M - X

Y - M - X M - X - Y

M - Z + X - Y M - X + Z - Y

M

X

Y

M

X

Y

M

X

Y

M

X

Y

M

X

Y

Z

M

- 2

1

1

M

2

- 1

_ i

M

- 1

0

1

M
_ j

0

1

M

0

- 1

1

0

X

1

0

- 1

X

- 1

0

1

X

0

1

- 1

X

0

1

- 1

X

- 1

0

0

1

Y

1

- 1

0

Y

- 1

1

0

Y

1

- 1

0

Y

1

- 1

0

Y

1

0

0

2

Z

0

1

- 1

0

molecules which may be obtained on the basis of the possible
elementary transformations of the initial ensemble of molecules
were generated. From the ensemble of molecules obtained in the
first stage, only those were selected which corresponded to the
maximum atomisation energy (i.e., to the most stable ensembles of
molecules) 1 to within some accuracy, while the remaining ones
were rejected. For each intermediate ensemble of molecules,
remaining after the selection, a new set of ensembles of mole-
cules, obtained by means of allowed elementary trans-formations,
was found. Among them the most stable were also selected. The
generation of a 'branch' of the reaction network was terminated in
accordance with formal characteristics — after the isolation of the
metal-catalyst in a free form (when the ensemble of molecules
contained a free metal atom). As a result, the reaction network
consisted of intermediate ensembles of molecules, which corre-
sponded to the pathways leading to the transformation of their
precursors into the most stable compounds. The atomisation
energy was calculated by the method of interacting bonds60

using semiempirical parameters of the bond energies of the

If The ensemble of molecules for which the sum of the atomisation energies
of the species was greatest was regarded as the most stable. Several most
stable ensembles of molecules are possible because the metal atom is not
known a priori and only the range of the possible atomisation energies,
obtained by varying the semiempirical parameters of the bond energies, is
known.60

atoms comprising the molecules in the ensemble. For bonds
involving C, H, and O atoms, the parameters obtained from the
experimental thermochemical data on the heats of formation of
the corresponding compounds were used. Thus, the parameter
£c=o was found from the heats of formation of aldehydes and
ketones, the parameter £ C - H was obtained from the heats of
formation of hydrocarbons and alcohols, the parameter £ O - H
was found from the heats of formation of alcohols, etc.

At the next stage, the optimum catalyst was selected. For this
purpose, the parameters EM-X (EM-C, -EM-H, £ M - O ) charac-
terising the metal were varied for each intermediate ensemble and
each pathway in the reaction network (in each linear sequence of
ensembles of molecules from the starting EM to the final one).
Because the variation of the EM-X parameter was organised as
step-by-step procedure, the atomisation energy of each inter-
mediate ensemble of each pathway was split into a number of
values. The atomisation energy corresponding to the condition of
a uniform distribution of energy over the elementary steps of the
catalytic process was chosen for each ensemble. In other words,
the most smoothed broken line, which corresponds to the
atomisation energies of the intermediate ensembles of a the
pathway, was chosen (Fig. 1). The semiempirical parameters of
the bond energies calculated for this broken line were compared to
the tabulated values for specific metals. The metal was regarded as
optimal when the tabulated parameters of the bond energies for
this metal was closest to the calculated values (i.e., values obtained
for the most smoothed broken line).

Thus, it follows from a comparison of the calculated param-
eters of the formation of ethylene glycol in the reaction between CO
and H2 in the presence of a metal catalyst and the tabulated values
that the best catalysts for this reaction are Rh, Co, Ir, Ru, and V.
The ranges of the optimum EM - X parameters for the formation of
each product of the hydrogenation of CO (methane, methanol,
ethane, ethanol, acetic acid, methyl formate, and ethylene glycol)
were found and the corresponding metals were determined. The
optimum parameters EM-X and metals (Mn, Fe, Co, Ni, Ru, and
Rh) for the formation of all the C1 and C2 products were found from
the overlap of these ranges of parameters.

Baltanas and Froment115 developed a program for the
generation of reaction networks for the solution of specific

Initial
ensemble of
molecules
(reagents)

Intermediate molecules

Final

ensemble of

molecules

(products)

First

step

Second

step

Last step

Figure 1. The splitting of the levels upon the variation of the £ M - x
parameters. The optimum parameters £ M - X are those which correspond
to the most 'smoothed' broken line, shown in the figure by a heavy line.
The split levels of the atomisation energies of ensemble of molecules are
shown in the dashed line corresponding to elementary steps.
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problems, such as the study of catalytic hydroisomerisation and
hydrocracking. Five generalised reactions, which are to be applied
in succession to various species, are used in this program. These
generalised reactions are designed solely for the investigation of
the above catalytic processes. Species and reactions are described
in terms of Boolean matrices which do not take into account the
bond orders. The kinetic equations for the reaction network
obtained were derived by the program. The principal disadvan-
tage of this program is the narrow range of its applications.

Temkin's group (Lomonosov State Academy of Fine Chem-
ical Technology, Moscow) are developing the ChemNet program
for the formulation of hypotheses about the mechanisms of
catalytic reactions. This program has been discussed in only a
few publications, some of which are not readily available.14>'16 We
shall, therefore, discuss it in more detail.

The first version of the program was written in the mid 1980s
in FORTRAN IV, a language which has now become hopelessly
obsolete.117 A new version, designed for modern personal com-
puters of the IBM PC type and using the principal ideas of the old
program, has been developed recently.

The list of species participating in the reaction as the reactants
and system components and the list of the elementary trans-
formations (generalised reactions) are input data. The species are
specified by the user in the form of structural formulae and are
transformed into records having a special format. Part of the
record contains an upper triangular adjacency matrix of the
atoms, while another part comprises different characteristics of
atoms (charges, oxidation states, etc.), bond orders, as well as
multicentre bonds. The elementary transformations are analogues
of chemical reactions and describe the characteristic features of
the changes occurring. The extent to which the details of the
reaction are specified is decided by the user.

The more detailed the description of the elementary trans-
formation, the shorter the list of substances to which this
transformation is applicable. For example, the two elementary
transformations

M - C + CsO —*• M-C(O)-C,

M - C = C + C = O — - M

Choice of

transformations

Editing

transformations

Generation of a list
of transformations

t
Library of
transformations

Query

Yes

Specification of
transformations

ChemNet

I
Network
generation

Analysis of
network

f Is the user \.

\

Specification
of constraints

Specification
of initial
species

No

satisfied?

Figure 2. The bookkeeping scheme for the interactive execution of the
ChemNet program.

describe the same reaction with specification of details to different
extents. The difference consists only in that, in the first case, the
program 'inserts' CO into all species containing the M — C bond,
whilst, in the second case, it inserts it into metal alkynyl
complexes. Note that, in the first case, the program will 'insert'
CO also into M — C(O) fragments until the constraints imposed on
the number of atoms in the species will begin to work. The
elementary transformations can be inputted both in a symbolic
form and in the form when standard chemical symbols of atoms
are used. If the elementary transformation is formulated in a

Table 4. List of substances proposed by the ChemNet program for the generation of the reaction network using ten elementary transformations and five
initial substances (PdCl2, CuCl, MeOH, HC = CMe, CO).

No. of
species

l a

2 a

3 a

4 a

5 a

6

7

8

9

10

11

12

13

14

15

16

Chemical formula

PdCh

CuCl

MeOH

HC=CMe

CO

MeOPdCl

HC1

MeOCu

(MeO)2Pd

CIPdCOOMe

CuCOOMe

MeOPdCOOMe

Pd(COOMe)2

CuC = CMe

ClPdC = CMe

MeOPdC = CMe

a Initial species.

No. of
species

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Chemical formula

MeC = CPdCOOMe

Pd(C = CMe)2

ClPdCOC = CMe

MeOPdC = CMe

MeC s CC(O)PdCOOMe

MeC = CPdCOC = CMe

Pd(COC = CMe)2

MeOC(O)-C(O)OMe

Pd°

MeC = CCOOMe

MeC = C - C = CMe

MeOC(O)C(O)C = CMe

MeC = CC(O)C = CMe

MeC = CC(O)C(O)C = CMe

ClPdCH = C(Me)COOMe

ClPdC(Me) = C(H)COOMe

No. of
species

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Chemical formula

MeOPdCH = C(Me)COOMe

MeOPdC(Me) = CHCOOMe

CIPdCH = C(Me)COC = CMe

ClPdC(Me) = CHCOC = CMe

CIPdH

MeOPdH

MeOC(O)OMe

HPdCOOMe

HPdC = CMe

HPdC(O)C = CMe

PdH2

HPdCH = C(Me)COOMe

HPdC(Me) = CHCOOMe

HPdCH = C(Me)COC = CMe

HPdC(Me) = CHCOC = CMe
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Table 5. The reaction network generated by the ChemNet program on the basis of specified ten elementary transformations (ET) and five initial
substances (PdCl2, CuCl, MeOH, HC = CMe, CO).

ET Reaction a ET Reaction a ET Reactiona ET Reaction a

1

1

1

1

2

2

2

2

3

4

4

4

4

5

5

5

3 + 1 —*• 6 + 7

3 + 2 — - 7 + 8

6 + 3 — • 7 + 9

6 + 5 —»- 10

8 + 5 — - 11

9 + 5 —»» 12

1 2 + 5 — • 1 3

4 + 2 —•• 7 + 14

14 + 1 —*• 2 + 15

14 + 6 —•» 2 + 16

14 + 10 —*• 2 + 17

15 + 14 —». 2 + 18

15 + 5 —»- 19

16 + 5 — • 20

17 + 5 — - 21

18 + 5 — - 22

5

5

6

6

6

6

6

6

7

7

7

7

7

7

8

8

22 + 5 — • 23

13 — • 24 + 25

17 —*• 25 + 26

18 — • 25 + 27

21 —»- 25 + 28

22 — * 25 + 29

23 — - 25 + 30

10 + 4 —»- 31

10 + 4 — - 32

1 2 + 4 — - 3 3

12 + 4 —»• 34

19 + 4 — - 35

19 + 4 —»- 36

32 — - 26 + 37

34 — * 26 + 38

36 —»» 29 + 37

9

9

9

9

9

9

9

9

9

9

9

9

9

10

10

10

10 + 3 —»-

12 + 3 —•»

13 + 3 — *

17 + 3 —»-

19 + 3 — •

20 + 3 — *

21 + 3 —*•

21 + 3 —*•

22 + 3 —»-

23 + 3 —»-

40 + 3 —»-

42 + 3 —»-

11 + 10 —»*

15+11 — *

19 + 11 —„

19 + 14 — *

37 + 39

38 + 39

39 + 40

39 + 41

26 + 37

26 + 38

26 + 40

39 + 42

26 + 41

26 + 42

39 + 43

26 + 43

2 + 13

2 + 17

2 + 21

2 + 22

a The numbers of the species are indicated in Table 1.

10

1

1

1

1

1

1

2

2

2

4

5

7

7

7

7

8

10 + 3 —*• 7 + 12

15 + 3 —*• 7 + 16

19 + 3 —»- 7 + 20

31 + 3 —*• 7 + 33

32 + 3 —*• 7 + 34

37 + 3 —*• 7 + 38

16 + 5 —*- 17

20 + 5 —*• 21

38 + 5 —»- 40

37+14 —*• 2 + 41

41 + 5 —»- 42

40 + 4 —*• 44

40 + 4 —»> 45

42 + 4 — » . 46

42 + 4 —*~ 47

45 —*- 26 + 43

47 —»- 29 + 43

symbolic form, it is necessary to determine also the possible
substituent of each symbol. For example, the generalised reaction

M + H-X H-M-X,

is formulated in a symbolic form. The symbols M and X must be
interpreted, indicating which atoms of the metal M and which
atoms X can occur in the reaction.

Upon carrying out a 'rough' generation of the reaction
network, the user can alter the degree of specification of detail in
the records of steps, thereby excluding the directions of attack by
particular species known a priori to be implausible.

A special unique format has been developed for the descrip-
tion of species and elementary transformations.''8 The substances
and reactions are stored in the computer memory in the form of
special codes, the description of which is outside the scope of the
present review.

Several evaluation rules are used in the ChemNet program,
which are recommended to the user.

1. In an elementary step, the change in the number of valence
electrons and in the oxidation state of the metal atom must not
exceed 2 in absolute magnitude, which agrees with Tolman's
rules.119

2. The molecularity of the elementary reactions must not
exceed 2.

3. The user specifies the maximum number of valence elec-
trons, the maximum coordination number, and the range of the
possible oxidation states for each metal atom (the quantities
stored in a special file are used as default settings).

4. The user specifies the maximum number of atoms and/or
the maximum numbers of atoms of a particular type (C, H, O,...)
in the products formed.

The generation of the reaction network is also constrained by
the transforms which the user specifies himself or selects from the
library. Furthermore, the generation of the reaction network is
implicitly constrained by the degree of specification of details in
the records of the transform.

After the specification of the initial species and elementary
transformations (transforms), the program searchs for the initial
species which are regarded as candidates for participation in each

of the elementary transformations. After finding for each elemen-
tary transformation all the combinations of species to which the
transformation is applicable and the new species have been stored
in the computer memory, the program adds all the new substances
to the list of the initial substances and repeats the entire procedure.
The combinations of species and steps, tested at the preceding
steps, are not examined. The process completes when each species
(the starting material or the species obtained in the course of the
network generation) was examined with respect to the possibility
of its involvement in each elementary transformation, while new
substances are not produced owing to the constraints imposed.
The overall algorithm for the execution of the program can be
represented by the bookkeeping scheme shown in Fig. 2.

One of the tests for the program was the synthesis of an
alkynylcarboxylic acid ester in the CuCl2 - CuCl - PdCl2 - R'OH
system.

PdCl2
R C H = C H + CO + R OH + 2CuCl2 *~

—*- RC=CCOOR' + 2CuCl + 2HC1

The following elementary transformations were specified:

1.MC1 + ROH —»- MOR + HC1 (M = Pd, Cu; R = C)

2. MOR + CO — - MCOOR (M = Pd, Cu; R = C)

3. MC1 + RC = CH — • MC = CR + HC1 (M = Cu; R = C)

4. CuC = CR + Pd-Cl — • CuCl + PdC = CR (R = C)

5. PdC = CR + CO — - Pd-C(O)-C = CR (R = C)

6. C - M - C — - M + C-C (M = Pd)

7. M-C(O)- +C = C — • M - C = C-C(O)- (M = Pd)

8. M - C = CH —*• C = C + M - H (M = Pd)

9. Pd-C(O)- +ROH — - PdH + RO-C(O)- (R = C)

10. CuC + C - P d - X — * CuX + C - P d - C (X = Cl)
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The following constraints were imposed: the maximum
number of atoms in the conjectured species must be less than 20,
the maximum oxidation state of the metal in the conjectured
species is + 1 for copper and + 2 for palladium, and the maximum
coordination numbers of copper and palladium are, respectively,
1 and 2.

The results of the generation of the reaction network are
presented in Tables 4 and 5. These results may be used by the
experimentalist in the discriminating experimental design.

IV. Conclusion
In conclusion, we may note that there are many computer
programs, which make it possible to formulate hypotheses about
the mechanisms of complex reactions and to generate reaction
networks. Analysis of the programs considered makes it possible
to indicate several typical disadvantages of these programs.

1. The impossibility of obtaining complete data on the
transformations of the intermediates, side reactions, and by
products because of the necessity for a rigid specification of the
number of atoms entering into the isomeric ensemble and because
of the bilateral nature of the search (RAIN, Dozmorov's program,
GRACE).

2. The use of the simplicity criterion as a selection factor
(MECHEM).

3. The narrowness of the range of applications (the program
of Froment and Baltanas).

A feature common to the majority of the programs considered
is that the key factor in the development of methods for the
generation of hypotheses is the application of heuristic rules,
which are used to different extents and at different stages of the
execution of the programs.

1. The use of libraries of transformations (reaction genera-
tors) obtained as a result of the generalisation of the available
literature data on the reactions (TAMREAC, KOMSIKAT,
ChemNet, etc.).

2. The use of the more or less formalised rules for the
assessment of the reaction plausibility (TAMREAC, CAMEO).

3. The use of heuristic rules for the optimisation, acceleration,
and restriction of the search (RAIN, MECHEM).

4. The estimation of the thermodynamic and other character-
istics, obtained by semiempirical or fully empirical methods,
which in turn make it possible to assess the plausibility of
individual steps or even entire reaction pathways (KOMSIKAT,
the program of Froment and Baltanas, CAMEO).

In all cases, it is important for the user to know which heuristic
rules are inherent in the program, what are the possibilities for
their modification, and whether or not any of them can be
abandoned. It is desirable to have such a possibility as regards
the constraints as well.

Different levels of generalisation of the elementary reactions
are employed in the empirical programs. In some programs, for
example, in the ChemNet program, it is possible to apply
simultaneously several levels of generalisation (i.e., reactions in
which only the transformation of the fragments is characterised
and reactions formulated in more detail).

Since different programs are based on different methods and
heuristic rules, it is sometimes useful to combine them within the
framework of a single program package. In particular, the present
authors are working on the creation of a program package
combining the ChemNet and KOMSIKAT programs. In our
view, such a combination of programs may ensure an additional
flexibility in the selection of substances for the formulation of
hypotheses.
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Abstract. Studies devoted to the synthesis, investigation of the
properties, and chemical transformations of methylenecyclobu-
tane are surveyed systematically. Data on the reactions of methy-
lenecyclobutane with a broad range of reagents are presented. The
bibliography includes 291 references.

I. Introduction
Methylenecyclobutane (MCB) is a side product in the production
of isoprene by the catalytic cleavage of 4,4-dimethyl-l,3-di-
oxane,1-2 which makes it a potential raw material for fine organic
synthesis. Due to the presence of two reactive groups, the double
bond, and the cyclobutane ring in its molecule, methylenecyclo-
butane can undergo a variety of chemical transformations, which
permits the use of this compound in small-scale chemistry (for
example, in the production of pesticides, pheromones, medicinals,
and perfumes).

At present, MCB is not produced as a commercial target
product in any large quantities. However, it is available as a
reagent. For example, 'Aldrich' offers a preparation with a MCB
content not less than 92%, and 'EGA-Chemie' supplies methy-
lenecyclobutane of > 97% purity (the remaining 3% is due to
spiropentane).

1. Preparation
Methylenecyclobutane 1 was first obtained by Gustavson3-4 in
1896 by the treatment of 2,2-di(bromomethyl)-l,3-dibromopro-
pane [tetrabromoneopentane 2, (X = Br)] with zinc dust in
ethanol (the Gustavson method5). Gustavson intended to obtain
spiropentane 4, but the resulting hydrocarbon differed in its
properties from spiropentane. He studied this compound and
mistakenly attributed the structure of vinylcyclopropane to it.
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To determine the structure of this hydrocarbon proved fairly
difficult. The problem of the structure of the 'Gustavson's hydro-
carbon' was ultimately solved as late as 1914 by Filipov,6'7 who
also presented a detailed list of the papers dealing with the
synthesis and properties of MCB published up to that time. The
data on the debromination of tetrabromoneopentane published
before 1944 are presented in a review.8

In subsequent years, researchers paid considerable attention
to the reaction of tetrabromoneopentane with zinc.9"16 It has
been shown that isomerisation occurs during the elimination of
the second pair of bromine atoms from the intermediate
l,l-di(bromomethyl)cyclopropane 3. When Zn2 + cations, which
catalyse the rearrangement of 3, are bound into an inactive
complex, spirocyclopentane 4 is formed predominantly.12 The
influence of the nature of the halogen atom and the solvent on the
reaction of tetrahaloneopentanes 2 with zinc has been stud-
ied.13"16

Further studies17"20 have shown that the ratio between
spiropentane and methylenecyclobutane depends on the nature
of the metal used as the reducing agent and the acidity of the
medium.

The preparative synthesis of MCB by the reduction of tetra-
bromoneopentane with zinc dust21 is most frequently mentioned
in the literature.

It has been suggested that tribromoneopentyl benzenesulfo-
nate, which is more readily available than tetrabromoneopentane,
be used in the synthesis of MCB.22

Methylenecyclobutane is formed, apart from other hydro-
carbons, on reduction of trihalo-derivatives of neopentane.23-24

Dehydration of 1-methylcyclobutanol gave a mixture of
hydrocarbons consisting of 1-methylcyclobutene (~45%), iso-
prene (~ 35%), and MCB (~ 20%) in a low yield.25

The pyrolysis of cyclobutylmethyl acetate 5a at 480 °C leads
to MCB in 70% yield, and the pyrolysis of the corresponding
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S-methyl xanthate 5b at 380 °C affords MCB in 65% yield.26 In
the thermolysis of dimethyl(cyclobutylmethyl)amine oxide 5c, the
yield of MCB reaches 95%.27

to the relative ease of the homolytic cleavage of C — C bonds in the
strained four-membered ring, yielding the alkylallyl biradical 6.103

Sa-c 1

R = OAc (a), OCS2Me (b), NOMe2 (c)

Methylenecyclobutane can also be synthesised starting from
1,4-dibromobutane via cyclobutylidenetriphenylphosphorane28

or by the thermal,29 mercury-photosensitised,30 or laser-
induced 31 isomerisation of spiropentane, but these reactions can
hardly be regarded as preparative methods for synthesising MCB.

In the industrial production of isoprene from isobutene and
formaldehyde by the Prins reaction,5 the still product in the
column for the purification of isoprene has been found to contain
some MCB.1-32 A method for the isolation of MCB from this
mixture by fractionation has been suggested.2 The specimen thus
obtained contained 98.42% of MCB. To identify MCB in the
fractions of C5 hydrocarbons, gas chromatograhy-mass spec-
trometry (GCMS) has been used.33 The liquid-vapour phase
equilibria in the systems obtained in the production of isoprene
and containing MCB and other hydrocarbons have been consid-
ered in a number of papers.34"37

2. Structure and physical properties of methylenecyclobutane
At present, numerous data on the geometric structure of MCB
are available. In fact, NMR,38"49 IR,49-54 UV,49-55 photoelec-
tron,56"58 mass,59"64 microwave,65"67 and Raman,13""16-68"70

spectra of MCB have been studied in detail. Its physical and
thermodynamic characteristics have been determined.59'71 "76

Numerous theoretical studies have been devoted to the prob-
lems of the geometry and energetics of the MCB mole-
cule.50 '58 '77"100 The authors of these studies used various
quantum-chemical computational methods.

According to the computational and experimental data, the
MCB molecule possesses conformational mobility. The energy
barrier to the transition from the puckered to the planar con-
formation is fairly low (—0.2 kcal mol"1); it is lower than that for
unsubstituted cyclobutane by a factor of 4 - 5 . This distinction is
due to the lesser changes in both the angular strain and the
torsional interactions which accompany the transition of MCB
from the nonplanar to the planar configuration.98

Unambiguous data concerning the value of the dihedral angle
(a) in the puckered conformation (Scheme 1) are lacking. For
example, a dihedral angle of 16° has been found from spin-spin
coupling constants.48 It follows from electron diffraction, micro-
wave spectra, and quantum-chemical calculations that the angle is
21.6V00 which is lower than for unsubstituted cyclobutane, in
which the angle a is 30°101-102 or 25°.100

Scheme 1

The C = C bond length in MCB is 1.331 A.91 It differs little
from the length of the double bond in isobutene (1.330 A) and is
shorter than this bond in ethene (1.337 A).90

II. Rearrangements
Whereas at ambient or low temperature MCB undergoes only
conformational transformations (Scheme 1), at elevated tempera-
tures (300-350 °C) a reversible process involving a more exten-
sive structural rearrangement of the C — C and C — H bonds is
observed. Thus, at a temperature of 332 °C partially deuteriated
MCB undergoes a redistribution of deuterium atoms, which is due

D
(2)

The isomerisation of MCB via a biradical mechanism has been
discussed in another study.104 A quantum-mechanical calculation
carried out more recently also provided evidence in support of this
mechanism of the thermal rearrangement of MCB.105

The rearrangement of MCB involving the exo—endo migra-
tion of the double bond to give 1-methylcyclobutene 7 is of
considerable interest.

d ± cf (3)

Like MCB, the latter compound is potentially likely to be
useful in organic synthesis. The rearrangement of MCB is ener-
getically the least favourable compared with the corresponding
rearrangements of its homologues with larger rings, since the AH
value for this reaction is fairly small (—0.54106 and
—0.9 kcal moP1 107). For the rearrangements of methylenecy-
clopentane and methylenecyclohexane, these values are -3.65 and
-1.97 kcal mol"1, respectively.108

MCB rearranges to 1-methylcyclobutene when it is passed
over AI2O3 at 300 °C,6 but, isomerisation under these conditions
can also yield isoprene.109 When MCB is passed over AI2O3 at a
higher temperature (370-420 °C),UO the ring is cleaved to give
isoprene as the main reaction product.109 'u0 The isomerisation of
MCB on passing it over various heterogeneous catalysts (alumi-
nosilicates or zeolites) in the temperature ranges 50-400 ° C m

and 350-500 °C112 has been described. For all the catalysts
studied, it was found that the curves for the temperature depen-
dence of the yield of 1-methylcyclobutene pass through a max-
imum. When the temperature is increased further, migration of
the double bond within the four-membered ring occurs, yielding 3-
methylcyclobutene 8.111 This compound is the least stable among
the three isomers 1, 7, and 8.109 Isomer 8 was not detected in the
products of the isomerisation of MCB over AI2O3.108

cf-cr (4)

It has been shown6 that MCB isomerises to 1-methylcyclo-
butene when heated in aqueous alcohol in the presence of ZnBr2
and Zn(OH)Br at 140 °C for several days.

Heating of MCB in dimethylacetamide for 10 min at 160 °C
gave an equimolar mixture of MCB and 1-methylcyclobutene in
80% yield.113

When MCB is stirred at room temperature with metallic
sodium deposited onto AI2O3, an equilibrium between the alkenes
with the exo- and e/u/o-arrangements of the double bond is
established after several hours. The equilibrium constant K of
reaction (3) at 20 °C is equal to 6, which implies that the reaction
mixture contains 15% of MCB and 85% of l-methylcyclobu-
tene.109-114"117 As shown in another study,118 this process is not
selective, since after its completion the reaction mixture contains
75% of 1-methylcyclobutene, 19% of MCB, 3% of spiropentane,
and 3% of unidentified hydrocarbons.

The isomerisation of MCB also takes place in the presence of
strong bases. The relative rates of formation of carbanions from
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C4-C8 methylenecycloalkanes in the presence of potassium tert-
butoxide in dimethyl sulfoxide have been reported.119 Kinetic
studies of the isomerisation of MCB in the presence of potassium
or lithium terf-butoxide in various solvents have been carried
out.120 A preparative procedure for the isomerisation of MCB to
1-methylcyclobutene in the Bu'OK-DMSO catalytic system has
been reported;121 however, the yield of compound 7 per unit
volume of the catalyst solution did not exceed 0.1 g cm h"1. In
the presence of a stronger base, lithium P-aminoethylamide, in
ethylenediamine at 10-45 °C, the isomerisation proceeds more
effectively (with a productivity of 4.3-4.5 g cm"3 h"1). The
equilibrium concentrations of MCB and 1-methylcyclobutene
(84%-87% MCB122) are virtually attained over a period of
several hours.

The isomerisation of MCB [reaction (3)] in the presence of
3 mol % the rhodium hydride complex Rh(H)(CO)(PPh3)3 (with
benzene as the solvent)123 occurs much less effectively: even after
10 days the composition of the reaction mixture is far from
equilibrium (the ratio between isomers 1 and 7 is 0.68 instead of
0.17). In all probability, the reaction proceeds via a 71-complex of
Rh(I) with MCB (see below). The isomerisation of MCB to
1-methylcyclobutene has also been observed in the presence of
PdCl2 at 100 °C in dioxane and at 22 °C in methanol.124-125

III. Formation of complexes with metals
Like other alkenes, MCB forms complexes with AgNC>3. The
stability constants of some complexes of alkenes determined by
GLC have been reported.126'127 The formation of complexes with
Ag(I) has been used in the analysis of MCB-containing mixtures
of light hydrocarbons.128

Methylenecyclobutane reacts with Pd(II) chloride or
[Rh(CO)2Cl]2 to give rc-allylic complexes.129

The comparative stabilities of Rh(I) complexes with various
alkenes have been studied.130 The 71-complex derived from MCB
was found to possess an anomalously high stability, comparable
with that of the Rh(I) complex of ethene.

The synthesis of a re-complex of MCB with Ni(II) (yield 61%)
has also been reported.131

Scheme 2

Cp2Ni, MeLi

-50°C,THF •5-
A trinuclear cluster-type osmium complex incorporating

MCB has been described.132 In this complex, MCB forms a bridge
between two osmium atoms via the methylidene carbon atom and
also forms a re-bond with the third osmium atom.

The interaction of MCB with organotitanium,133 organo-
nickel,134 organorhodium,135 and organopalladium136 com-
pounds has also been described in the literature.

IV. Addition to the exocyclic double bond without
formation of new C — C bonds

1. Reactivity
a. Cationoid intermediates
Many known transformations of MCB involve a stage in which
active electrophilic species such as protons, acylium cations, etc.
add to the double bond. The addition results in the tertiary
carbocationic intermediate 10, which can either combine with a
nucleophile or eliminate a proton, and this governs the composi-
tion of the final reaction products (Scheme 2).

10

Nu-

The problem of the structure of the intermediate cation 10
(E = H) has attracted considerable attention and has not yet been
solved. According to 13C NMR spectroscopy and an isotope
study, at -154 °C this cation exists as the symmetrical a-bridged
methylcyclobutanium structure 11,137> 138 while from —150 to
—90 °C it is an equilibrium mixture of three bicyclobutanium
ions 11,12a, and 12b or delocalised 1-methylcyclopropylcarbynyl
cations 13a-c interconverting via the classical planar 1-methyl-
cyclobutyl cation 14 (Scheme 3).

Scheme 3

CH3
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The conformation of the 1-methylcyclobutyl cation 10
(E = H) in an aqueous medium at ambient temperature is
unknown. Quantum-chemical calculations referring to the gas-
eous phase allow the existence of this cation as any of the above
structures or as their equilibrium mixture.139"141 At the same
time, since the tertiary carbocation 14 must be much more stable
than the primary rearranged cations 13a-c, one should expect
that the equilibrium would be substantially shifted to the right,
that is, toward the formation of the cation 14 (Scheme 3). There-
fore, it is the transformations of the nonrearranged cation 10
(Scheme 2) that should determine the composition of the products
of electrophilic addition to the double bond of MCB; this is in
good agreement with the existing experimental data.

The relative stability of the cation 10 (E = H) can be judged by
comparing the rate constants for the solvolysis of the correspond-
ing chlorides 15-17 (80% acetone, 25 °C).142

Compound ufa

15

1.81 x 10~9

16

1.15 x 10-

Me3CCl

17

1.97 x 10-6

The above data indicate that the cation 10 (E = H) is more
stable than the unsubstituted cyclobutyl cation and is less stable
than the terr-butyl cation.

The reactivity of MCB toward electrophilic addition can be
estimated by comparing the rates of the ZnCl2-catalysed reaction
of (/?-CH3C6H4)2CHCl with various methylenecycloalkanes
18a-c . 1 4 3
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R C 1

ZnCl2
_ 7 8 . C C H 2 C 1 ;

18a-c

(CH2)n (5)

19a-c

k (arbitrary units)
4
51.1

5
1.03

It follows from these data that the reactivity of MCB in
reaction (5) with the above electrophile is close to that of
methylenecyclohexane, but is many times lower than that of
methylenecyclopentane.

b. Anionoid intermediates
Another important aspect of using MCB in organic synthesis is
based on its deprotonation through the action of a strong base and
the subsequent transformations of the allylic carbanion 20 thus
generated (Scheme 4).

Scheme 4

The composition of the products of transformation of the
carbanion 20 is determined by the direction of attack by the
electrophile (E+) , which is either on a carbon atom of the side
chain or on a ring carbon atom in the allylic system. The
predominance of either of these directions depends on the nature
of the electrophile and on the conditions under which the reaction
is carried out.144

c. Free-radical intermediates
Another approach to the functionalisation of MCB is based on the
radical addition to the double bond. The intermediate adduct
formed in this reaction (radical 21), like the corresponding
carbocation 10 produced in the electrophilic addition to MCB
(see above), does not undergo fragmentation, and the cyclobutane
ring is retained in the products of its transformation.

21

The radicals 21, in which R = SiMe3, SiEt3,145'146 or MeS,147

have been detected by EPR at 150-220K. The formation of the
allylic radical 22 upon photolysis of a solution of MCB in
cyclopropane containing di-rerr-butyl peroxide has also been
detected by EPR.148

(ButO)2,Av

cyclo-C3H6, - 1 0 0 °C

22

Radical-ion species such as radical cations can also participate
in reactions with MCB. The latter are formed, for example, in
photoinduced149 or y-radiation-induced reactions.150

2. Addition with formation of the C - O bond
The acid-catalysed hydration of MCB is among the thoroughly
studied examples of electrophilic addition to the double bond of

MCB.151"154 The mechanism of this reaction has been described
by Taft,155 who has also determined its thermodynamic param-
eters.156 The ether 23, resulting from the addition of 1-methyl-
cyclobutanol 24 to MCB, is formed in this reaction as a side
product.

24 23

When MCB was hydrated in the presence of the KU-23(10/60)
cation-exchange resin at 40 °C with an MCB: H2O molar ratio of
2:3 and a reaction time of 8 h, the degree of MCB conversion
amounted to 87.8% and the selectivity of the formation of
compound 24 was 94.4% (the reaction mixture contained 3% of
the ether 23). However, by varying the hydration conditions one
can direct the process to the selective formation of the ether 23.
Thus, at 40 °C, for an MCB: H2O molar ratio of 2 :1 , and for a
reaction time of 3 h, the selectivity of the formation of ether 23
was 96%, the degree of conversion of MCB being 92.1%.1 5 2

The hydration of MCB under static conditions (without
stirring) in the presence of the KU-23( 10/60) cation-exchange
resin in a batch reactor has been described.153

Alcohols or carboxylic acids add to MCB in the presence of an
acid catalyst.157

[/+ R O H

25

R

Yield (%)

R

Yield (%)

Me Et

90 45

C1CH2CO

55

Bun

41

FCH2CO

60

I_T
63

CI2CHCO

90

MeCO

56

CF3

91

The reaction is carried out in hexane with MCB: ROH (or
RCOOH): C6Hu ratios of 1:1:1 in the presence of sulfuric acid
or HC1.

Esters derived from 1-methylcyclobutanol have found appli-
cation as insecticides, acaricides, and fungicides,158-159 and sugar
substitutes in foodstuffs.160 The 1-methylcyclobutoxy-group is
incorporated in a metabolism-resistant pMactam antibiotic pos-
sessing a high antibacterial activity.161

The selective addition of HOBr to MCB, affording 1-bromo-
1-hydroxymethylcyclobutane in 78% yield, has been
described.162-163

26

Hypochlorous acid also adds to MCB, but, apart from
chlorohydrin, this reaction yields a diol (the ratio between these
products is 3:2).162 The process is carried out in an aqueous
suspension of the alkene.

3. Addition with formation of the C - N, C - S, C - Se, or
C - H a l bond
The addition of hydrogen halides to MCB has been studied in
detail.164"168 In polar solvents, hydrogen halides add in confor-
mity with the Markovnikov rule, giving 1-halo-l-methylcyclo-
butane, while in the presence of a radical source in a nonpolar
solvent, anti-Markovnikov addition occurs to yield bromo-
methylcyclobutane.162-169-17°
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Hittich et a l . m have described the hydrofluorination of MCB,
but the yield of 1-fluoro-l-methylcyclobutane 27 isolated by
preparative GLC was not reported.

d CHCl3,0°C,4h

HF/Py (70/30)
27

Acetyl nitrate adds to MCB at -20 to 0 °C in the presence of
acetic anhydride.172 Apart from the major product, 1-acetoxy-l-
nitromethylcyclobutane 28, the reaction yields the product 29 of
the rearrangement of the intermediate cation involving ring
contraction:

AcONCh

- 2 0 t o O °C,Ac2O
28 (65%)

OAc
29(15%)

When NO2BF4 is used instead of AcONO2, the yield of
1,1-disubstituted cyclopropane is twice as high.172

The interaction of MCB with the complex Me2S • SO3 affords
the sulfobetaine 30 as the only product in a high yield:173> 174

d
CH2SO3-

1 ^ S

30

2,4-Dinitrophenylsulfanyl chloride reacts with MCB in acetic
acid at 20 °C to afford predominantly the arylthiomethyl-sub-
stituted cyclobutane 31. In addition, a small amount of compound
32 was isolated (the 31a: 32a ratio was 5.2:1); the overall yield of
the products 31 and 32 was 88%.175 At 40 °C, these products are
formed in a different ratio (31a: 32a = 2:1):17S

d
Ar = -

ArSCl

I>-NO2 ; X

CH2SAr

r~hx
LJ +

31a,b

= Cl (a), OAc (b).

CH2X

r4-SAr

LJ
32a,b

O2N

When the reaction is carried out in chloroform, the anti-
Markovnikov addition product predominates (31a: 32a =
0.4:1),176 while the process carried out in acetic acid in the
presence of IJCIO4 affords mostly products of the interaction
with the solvent (the products 31 and 32 are formed in the
following yields: 31a, 5%; 31b, 35%; 32a, 1%, 32b, 12%).176

Phenylselanyl chloride interacts with MCB at -70 °C in
CH2CI2 to give the chloromethyl derivative of cyclobutane 33 as
the major product; at room temperature, compound 33 slowly
isomerises to the chloride 34.177

I f PhSeCl ^ I 1— SePh , —Cl

LJ CH,Cb " LJ + L J

CH2C1

SePh

CH2SePh

33 34

The reaction of MCB with SeBr4 gives the product 35
incorporating two cyclobutyl groups:178

(6)

35 (43%)

At room temperature, compound 35 is gradually dehalogen-
ated and rearranges, affording substituted cyclopropylmethyl
bromides.

The electrophilic addition of tetramethyleneselanyl bromide
to MCB gives the selenonium salt 36.179 In all probability, this
reaction occurs via the intermediate bromonium ion 37:180

d
SeBrBr-

37

S e + B r - .

36 (90%)

The formation of different products in these reactions (com-
pounds 35 and 36) may be due to greater steric hindrance in the
selenium-containing nucleophile participating in reaction (7),
which hampers the attack on the nonterminal carbon atom of
the bridged cation 37.180

At -60 °C, MCB can combine with SO3, giving the cyclic
P-sultone.181

The chlorosulfamination of MCB yields a mixture of the
products 38-40. The addition is nonselective and is accompanied
by partial rearrangement:182

d- ROCl
C\

38 39 40

R = R2NSO2 .

4. Hydrogenation
Hydrogenation under mild conditions involves the addition of
hydrogen to the exocyclic double bond. Under more drastic
conditions, the cyclobutane ring is cleaved and the reaction yields
isopentane as the major product.6 The heats of hydrogenation of
MCB and 1-methylcyclobutene have been reported by Turner et
al.107 The kinetics of the hydrogenation of MCB over platinum-
containing catalysts have been studied.183-184

5. Oxidation
When MCB is treated with hydrogen peroxide in the presence of
OsO4 or in formic acid, 1-hydroxy-l-hydroxymethylcyclobutane
41 is formed in 39% and 83% yield, respectively.21

41

The highly selective dihydroxylation of MCB with hydrogen
peroxide occurs in the presence of the osmium catalyst obtained
from OsO4 or Os3(CO)i2 and poly(4-vinylpyridine) or poly(4-
vinylpyridine 1-oxide).185

The epoxidation of MCB with 41 % peracetic acid in CH2C12

in the presence of anhydrous Na2CO3 at room temperature gives
the oxaspirohexane 42 in 45% yield.186-l87
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d AcOOH

20 °C

42

The treatment of MCB with peracetic acid in acetic acid results
in a mixture consisting of the monoacetate of the diol 41 and
cyclobutanecarboxylic acid, while the use of perbenzoic acid in
chloroform yields a mixture of the oxaspirohexane 42 and the
monobenzoate of the diol 41.188

The kinetics of the epoxidation of MCB with peroxylauric
acid have been studied.189 The epoxidation of MCB with atomic
oxygen, generated by the Hg-sensitised photolysis of N2O, occurs
nonselectively: apart from the epoxide 42, formylcyclobutane 43
and cyclopentanone 44 are produced.190

° + u + Q=o
42 (35%) 43 (29%) 44 (7%)

The oxidative cleavage of MCB by potassium periodate in the
presence of a catalytic amount of OSO4 is the simplest of the
known ways of preparing cyclobutanone 45.191> 192

d KIO4

[Oso4] d
45

Methylenecyclobutane is ozonised at a temperature of—70 °C
in pentane. The resulting ozonide decomposes explosively at
-20 °C.193

Cyclobutanone has been synthesised in a yield of about 70%
by the ozonisation of MCB at -70 to -80 °C in CH2C12 in the
presence of pyridine.194-195

A series of MCB transformations accompanied by ring
expansion and resulting finally in cyclopentanone have been
described. For example, the oxidation of MCB with nitrous
oxide at 300 °C and 450 atm affords cyclopentanone 44 in a low
yield.196 One of these processes involves the intermediate forma-
tion of the epoxide 42, which is then allowed to react with Lil
without isolation from the reaction mixture.197-198

d-m-ClC6H4C(OpOH

CH2CI2, - 1 0 ° C

42 44 (60%)

The autooxidation of MCB proceeds more slowly than that of
terpenes or other unsaturated alicyclic alkenes, the 2-position of
the cyclobutane ring being attacked predominantly.205

6. Hydroboration, hydrosilylation, and
hydrophosphorylation
The hydroboration of MCB with the subsequent oxidation of the
resulting cyclobutylmethylborane 47 leads to cyclobutylmethanol
48.206

d BH3/THF
CH2BH2

47
cf
48

CH2OH

MCB enters into the hydrosilylation reaction in the presence
of a Pt catalyst immobilised on a phosphinated silica gel:207

I # HSiMeCb I /

I 1 FPtl. 20 °C. 24 h ' 1

CH2SiMeCl2

49

The hydrophosphorylation of MCB with phosphinic acid in
the presence of hydrogen peroxide in an acid medium at 50 - 60 °C
affords cyclobutylmethylphosphinic acid 50:208

d H3PO2 ,H2O2 ,H+

fc-

50-60 °C, 2 h o- o
11

CH2PH .

OH
50

The reaction of MCB with PBr3 gives the corresponding
phosphine as the only product.209 When the reaction is carried
out in a stream of O2, the yield of the phosphine increases from
49% to 63%. The reaction is regiospecific and occurs via a radical
mechanism.

The treatment of the phosphinidene complexes PhPW(CO)s
and MePW(CO)s with exocyclic olefins affords 1-phosphaspiro-
[2.«]alkanes (» = 2 - 5).210 In the case of MCB, a pentacarbonyl-
tungsten complex containing the l-phosphaspiro[2.3]-hexane
ligand 51 is formed.

d
(CO)5W

RPW(CO)5

51a,b
Me(a),Ph(b)

Methylenecyclobutane can be directly converted into cyclo-
pentanone by oxidation with oxygen in the presence of the
PdCU-CuCb catalytic system. The selectivity of this process
depends substantially on the nature of the solvent. It occurs
most selectively in benzene, the yield of cyclopentanone being
7 5 % . ' "

The oxidation of MCB to cyclopentanone with the complex
(MeCN)2PdCl(NO2) in CH2C12 has also been studied.200

The oxidation of 1-methylcyclobutene with T1(III) and Hg(II)
perchlorates,201-202 as well as with PdCh,201 PdCl2L2, or
PdCl(NO2)L2 (L = CD3CN)203 results in cyclopropyl methyl
ketone 46, the chemistry of which has been discussed in a
review.204

[O]

(Hg, Tl, Pd)

P

V. Addition to the double bond with formation of
new C-C bonds
1. Alkylation
In the presence of 20 mol % BF3 • Et2O in benzene at 7 °C, MCB
dimerises, giving the bicyclic dimer 52.2U

U
BF3Et2O

52 (30%)

46

A new pathway to the synthesis of C-glycosides, which are of
interest for preparing new anticancer preparations, has been
suggested by Herscovici et al.212-213 This method is based on the
electrophilic addition of the acylated glycals 53 to MCB, catalysed
by Lewis acids:
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EtAlCl2

53

Ac"
(8)

54 (80 %)

Reaction (8) was carried out at —20 °C for 5 min in a
CjHi2-Et2O (5:1) solvent mixture. A number of workers
reported157-214'215 the preparation of 5,7-dioxaspiro[3.5]nonane
55 by the reaction of MCB with formaldehyde catalysed by
sulfuric acid or />-toluenesulfonic acid:

55 (49%-82%)

If the above reaction is carried out at 40 °C in the presence of
30 mass% H2SO4, the yield of compound 55 is 49%.157-214 The
yield of 5,7-dioxaspiro[3.5]nonane can be brought to 82% with
virtually complete conversion of MCB by conducting this reaction
at 90 °C and with a CH2O: MCB molar ratio of 2:1 in the
presence of 2.5 mol % sulfuric acid and an equal volume of an
extractant (hexane).215

The methylated diol 56 has been obtained directly from MCB
using methoxymethyl methyl sulfate 57 as the alkylating
reagent.216

d-MeOCH2OSO2OMe(57)^

l.MeOH,20°C
2.NEt3,20°C

| P
CH2CH2OMe

58

56

NaHCO3

OMe

OMe

59

This reaction involves the intermediate formation of the
sulfate 58, which is subjected to methanolysis and then treated
with triethylamine without isolation from the solution. When the
intermediate 58 is treated with an aqueous solution of NaHCC>3,
the reaction yields the alcohol 59.217

Similarly, 1-ethoxyethyl ethyl sulfate adds to MCB in the
presence of methanol to give the adduct 60.218

d Me

+ EtOCHOSChOEt
MeOH, NEt3

CH2C12, - 30 °C

EtO

60 (25%)

l-(2-Ethoxyethyl)-l-methoxycyclobutane 61 has been syn-
thesised in a similar way.219

d- [EtOCH2OSO2F]

MeOH, NEt3

OMe

61(61%)

2. Acylation
a. Elecrrophilic acylation
The known instances of the electrophilic acylation of MCB
involved the highly reactive cationoid reagents RCO+X~
(X" = SO3F", BF4, or SbFg) as electrophiles. The course of the
reactions of MCB with acyl tetrafluoroborates RCO+BF4
(Scheme 5) depends on the nature of the group R. The bulkier
the group R, the larger the contribution of reactions occurring
with the rearrangement of the intermediate cation 62.220 If R is Me
or Et, only the fluorinated ketone 63 is obtained. If R is Bu', only
the rearranged product, namely, substituted tetrahydrofuran 64,
is formed. When R is Prn or Bu', mixtures of the products 63 and
64 are isolated. When water is added to the reaction mixture, the
hydroxyketone 65 is produced via the hydration of the rearranged
cation 66.220

Scheme 5

67 (60%, R = Me)

CH2OH

= Bul, 65%-70%)

R
Me
Et
prn
Bu1

Bu'

63:64 ratio
100:0
100:0
(85-75): (15-25)
(30-35): (70-65)
0:100

The composition of the products of the acylation of MCB is
sensitive not only to the nature of the group R in the cationoid
reagent RCO+X~, but also to the nature of the anion X. The
solvent used also plays an important role.

When the acylation of MCB with acetyl tetrafluoroborate is
carried out in the presence of acetic anhydride, 1-acetonyl-l-
acetoxycyclobutane 67 is the main reaction product
(Scheme 5).221-222

When RCO+BF4 is replaced by the harder ionic reagent
RCO+SbFg, the reaction yields the substituted tetrahydrofuran
64 as the only product, irrespective of the bulk of the group R.223
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The acylation of MCB with R'CO+BFi" in the presence of
R2CN proceeds as coupled addition of R'CO"1" and R2CN to the
C = C bond via the formation of the Af-alkylnitrilium salt 68
(Scheme 6).222

Scheme 6
BFJ

R'COBF4, oC
N=CR2

o
68

o
^.NHCR2

[ |xH2CR'
O

R1

HI

H2O

- B F 3

70 F

t

- 3 0 °C

20 °C

Depending on the reaction temperature, either the amidoke-
tones 69 (-30 °C) or the 5,6-dihydro-l,3-oxazines 70 ( + 20 °C)
are formed selectively. The syntheses of a number of amido-
ketones 69 and oxazines 70 (R1 = Me, Et, Prn, Pr', Bul; R2 = Me,
CH2C1, Ph) in 34% -100% yields have been reported by Gridnev
etal.224

In the case where acetyl fluorosulfonate, prepared in situ from
AcF and SO3, is used in the acylation of MCB, the composition of
the reaction products depends on the nature of the alcohol
introduced into the system:225

rfl_l

Alcohol
MeOH
Pr°OH

AcOSO2F, ROH, NEt3

- 7 0 °C, CH2CI2

A CHiCOMe

N / OR N

72

72:73 ratio
7:5
6:1

>=CHCOMe.

73

Overall yield (%)
65
44

The introduction of a perfluoroacyl group into unsaturated
compounds is hampered, because the perfluoroacyl cation is
easily decarbonylated and, furthermore, the readily available
trifluoroacetic anhydride is insufficiently electrophihc to acylate
alkenes. It has been suggested that the perfluoroacylation should
be carried out using the complex resulting from the addition of
trifluoroacetic anhydride to a solution of dimethyl sulfide in
CH2CI2 saturated with BF3:227

O
P — f (CF3CO)2ot V-c:
I I SMe2,BF3 \ \ — ' C

N / XSMe2

CF3CO2BFJ

NEt3

Q

CF3 .

77 (26%)

b. Free-radical acylation
Only one example of the free-radical acylation of MCB is known.
It is the reaction of MCB with acetaldehyde (with an AcH: MCB
molar ratio of 10:1) initiated by atmospheric oxygen (at an air
flow rate of 40 h"1) in the presence of a catalytic amount of
Co(OAc)2 ( 1 .5x lO- 3 moi r ' ) . 2 2 8 Apart from the ketone 78,
acetic acid is also formed.

d MeCHO

40 °C Me

78 (67%)

(9)

Reaction (9) proceeds by a chain mechanism 229 involving the
formation of acyl radicals, their addition to the double bond of
MCB, and chain transfer by the intermediate radical adducts:

Scheme 7

M e - C Me—C

MeCHO

Me
78+ Me-C

It has been reported that the complex of trichloroacetonitrile
with boron trichloride can be used as a chemical equivalent of the
acylium cation.226 The first step of the process affords the cation
74, which is converted in the presence of water mostly into the
ketone 75 and, to some extent, into the unsaturated ketone 76. The
overall yield of the products is 91%: 2 2 6

d CC1 3C=NBC1 3

CH2CI2, -78°C

CI3C

CI3C

NBC13

74

CI3C

H2O

Cl

75 76

3. Arylation
Only a few examples of the arylation of the MCB double bond are
known. For example, in the presence of AlBr3, MCB reacts with
benzene, yielding 1-methyl-1-phenylcyclobutane 79:211-230

d-
79 (40%)

The reaction of MCB with mesitylene in the presence of
MeCO+BF4~ affords a mixture of arylation (80), acylation (63),
and coupled addition (81) products.231

d CH2C12, - 6 0 °C
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O

80(27%) 81 (3%) 63(38%)

If this reaction is carried out in the presence of BF3, the yield of
compound 80 is only 5%, and in this case extensive polymerisation
ofMCB is observed.231

The reaction of MCB with phenol yields mostly a mixture of
mono-, di-, and tri(l-methylcyclobutyl)phenols 83-85 and a
small amount of the ether 82.232

since in this case not only the anion 86, but also the bromide 90 are
capable of reacting at two centres. The product ratios are
91:92:93 = 22:46:32, with an overall yield of 8 5 %.

The alkylation of the anion 86 with diphenylmethyl bromide
gave compounds 94 and 95 (in a 1:1 ratio) in an unexpectedly low
yield (17%).235 The carboxylation of this anion with carbon
dioxide proceeds with an equally low yield.236

CHBrPh2

Li+—I
95 CHPh2

COOMe

82 (7.5%)

w
OH

85

87%

Depending on the reaction conditions, arylation may afford a
mono- or disubstituted phenol as the major product (yield
30%-40%).157

The reactions of MCB and other methylenecycloalkanes with
(/>-anisyl)phenylcarbenium tetrachloroborate have been stud-
ied.233

VI. Reactions with retention of the C = C bond
1. AUylic alkylation, 'ene' reactions
The allylic anion 86 prepared from MCB and butyllithium in
tetramethylethylenediamine (TMEDA) reacts with methylallyl
chloride 87 to give a mixture of the isomers 88 and 89 usual for
allylic systems (88:89 = 85 :15, overall yield 90%).234

91 92 93

The alkylation of the allylic anion 86 with 2-bromo(methy-
lenecyclobutane) 90 affords a more complex mixture of products,

Carbonyl compounds can also be used as the electrophilic
component in the alkylation of MCB.236"240 Thus, Snider et al.238

have suggested a method of preparing cyclobutenylmethyl-
(hydroxy)malonate from MCB and diethyl oxomalonate 98. The
reaction occurs without a solvent at 80 °C over a period of 170 h.
The yield of the alkylation product 99 is 63%. Its hydrolysis
followed by oxidation affords 1-cyclobutenylacetic acid 100:239

,CO2Et

CO2Et

sC(CO2Et)2

OH

98 99

2. HC1

3. IOJ

(10)

100 (96%-98%)

A similar reaction with isovaleraldehyde leads to the alcohol
101 in 43% yield.238

Me2AlCl

O CH2C12
 % O H

101

(11)

It is noteworthy that the 'ene' reactions (10) and (11) are
highly regioselective: in both cases, the addition involves exclu-
sively the exo-methylene group of the allylic anion.

The selective alkylation of MCB with ketones (acetone,
cyclohexanone, cycloheptanone, or camphor) at the allylic carbon
atom of the cyclobutane ring can be carried out by using the novel
approach described by Bubnov et al.241 A characteristic feature of
this approach is that alkylation with an electrophile (in this
instance, with a ketone) is preceded by the introduction of a
boron-containing group into the allylic anion 86:

Li4
R2BBr

BR2

BR2

l .RR'C(3

2.H2O
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2. Metathesis (disproportionation) and cometathesis
The catalytic disproportionation of MCB in the presence of a
heterogeneous rhenium-containing catalyst has been reported in a
number of studies carried out mostly in the 1970s.242"247

o- 35 °C
C2H4

103

The yield of bicyclobutylidene 103 in this reaction, carried out
in the liquid phase with constant removal of ethene from the
reaction zone, reached 70% over a period of 4 h. The dispropor-
tionation of MCB can also be carried out in the gaseous phase
over the same catalyst in a flow-type setup at 100 °C. The
WCl6-EtAlCl2-EtOH, WCl6-BunLi, and MoO3/Al2O3 sys-
tems turned out to be virtually inert in this reaction.

Catalytic processes involving the cometathesis of MCB with
other alkenes have also been developed: 245,247-249

[Re]
I [ + C2H4. (12)

104

The products of the homometathesis of MCB and
CH2 = CHR (which are not shown in the scheme) are also formed
in reaction (12).

From a mixture of liquid products of the joint disproportiona-
tion of MCB and propene in a flow-type setup in the gaseous phase
(with Re2O7/Al2O3 as the catalyst, MCB:propene = 2 :1 ,
volume rate of supply of the reactants 500 h , 1; 1 dilution with

Me) was iso-nitrogen, 20 °C), ethylidenecyclobutane 104 (R
lated in 20% yield.245

The cometathesis of MCB with 1-methylcyclobutene. affords a
mixture of three diene hydrocarbons (105-107), the yield of each
depending on the reaction conditions (with Re2C>7/Al2O3 modified
by SnBu4 as the catalyst and benzene as the solvent).248

Re2O7/Al2O3

105

acetonitrile, 7V-methylpyrrolidone, HMPA, formamide) results
in the formation of spirohexane 109:2S0

d M, CH2Hal2

109

M = Zn, Cd, Cu .

Spirohexane 109 (yield 48%) has also been obtained by the
cyclopropanation of MCB with diazomethane in ether at -10 °C
in the presence of palladium acetylacetonate as the catalyst
(1 mol% with respect to MCB).251

Dichlorocarbene adds to MCB to give l,l-dichlorospiro[2.3]-
hexane.252

Alkynylhalocarbenes also add to MCB, yielding the corres-
ponding substituted spirohexanes 110.253

d
.Cl

RC = CCC1

CR
l lOa-c

Me, Prn, Pr ' .

The cyclopropanation of MCB with methyl diazoacetate,
catalysed by Cu(acac)2 in CH2CI2, is a convenient method for
preparing esters of spirohexanecarboxylic acid 111.254

d-+ N2CHCOOMe Cu D
111 (87%)

The addition of singlet ethoxycarbonylnitrene to MCB has
been described.255 This reaction gives the azaspirane 112 in a
moderate yield:

-NCOOEt.

112 (45%)

106 107

The cometathesis of MCB and cyclopentene (CP) was carried
out at low initial concentrations of the latter (MCB: CP = 9:1) in
order to exclude the possibility of its polymerisation, and at
temperatures between -65 and 35 °C. At 35 °C, with a CP: cata-
lyst ratio of 10:1 by weight, and for a contact time of 1 h, the
reaction gave 6-cyclobutylidenehex-l-ene 108 as the only cometa-
thesis product (the degree of conversion of cyclopentene was
90%).249

Re2O7/Al2O3

108

VII. Cycloaddition
1. [2 + 1]-Cycloaddition
The interaction of MCB with dihalomethanes in the presence
of metals such as Zn, Cd, or Cu with a CJ^Hah: metal molar
ratio of 1:2 in a polar solvent (DMF, dimethylacetamide,

2. [2 + 2]-Cycloaddition
The cycloaddition to MCB of dichloroketene, generated in situ
from dichloroacetyl chloride, yielded the adduct 113.256 This
ketone has been used in the synthesis of spiro[3.4]octa-5,7-diene
114:257

d C12C=C=O

113(60%)

The interaction of MCB with tetrachlorobutanoyl chloride in
the presence of Et3N proceeds in a similar way: 258

CCI3CH2CHCIC
Et3N
: *• [CC13CH2CC1=C=O]

65 CC, 7 h
115

d + 115
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3. [2 + 3]-Cycloaddition
A convenient way of synthesising spirane isoxazolidines 117
incorporating a cyclobutane ring in yields of 70% or more is
based on the 1,3-dipolar cycloaddition of TV,C-disubstituted
nitronestoMCB.259-260

d
o
t

R-CH=N-Ph
20 °C, C6H4Me2, 48-72 h

117

R = Ph, PhCO, PhNHCO, XC6H4NHCO (X = Br, Me, Ac, EtO).

The cycloaddition of the TV-oxides 118 to MCB is a convenient
single-stage method for the synthesis of spiro(4,5-dihydro-
isoxazole-5,l-cyclobutanes) 119:261~263

118 -o
119

/j-Nitrobenzenesulfonyl azide reacts with MCB via a 1,3-dipo-
lar cycloaddition mechanism to give the triazoline intermediate
120, which undergoes rapid rearrangement with ring expansion,
affording the sulfonimide 121. The latter is hydrolysed to give
cyclopentanone: 264

d XN3

90 °C,

, C6X16 /

100-120 h ^ VsA
NX

120

N
X 121 44

An unusual cycloaddition has been observed on irradiating
MCB in benzene; equal amounts of the cyclic adducts 122 and 123
(overall yield 5%) were obtained:265

d

4. [2 + 4|-Cycloaddition
The interaction of MCB with dimethyl tetrathiooxalate occurs
similarly to the Diels-Alder reaction in which MCB acts as the
dienophile:266

SMe

ecu
77 °C, 100 h

SMe

SMe

124 (75 %)

An unusual example of the formation of the cyclic adduct 125
from MCB and tetrachlorothiophene dioxide has been described
by Raasch.267

The triazine 126 reacts with MCB in a similar way (with the
cleavage of the heterocyclic ring and liberation of nitrogen).268

:OOMe

MeO

COOMe

MeO'

126

O

127

Methylenecyclobutane can enter into the Diels-Alder reac-
tion, acting as the diene.164

d CO2H
Me. CO2H

128 129

5. [2 + 2 + 1]-Cycloaddition
The cycloaddition to MCB of alkynes bound into a complex with
cobalt carbonyl (one of the coordinated CO molecules partici-
pates in the reaction) yields a mixture of the spiroketones 130 and
131 in a ratio of 1:1.269-270

Co2(CO)6

47% (R = Me);
89% (R = Ph)

VIII. Reactions with ring opening
The opening of the MCB ring has been observed in its reactions
with hydroxyl or methyl radicals.271-272

The thermal decomposition of MCB has been studied.273"276

The Arrhenius parameters of this process were determined in the
same investigations.

The photolysis of MCB leads to equimolar amounts of ethene
and allene.277'278 Vacuum UV photolysis (Xe 147.0 nm and
Kr 123.6 nm) occurs less selectively.279-280 Among the photolysis
products, H2, C2H2, C2H4, allene, methylethyne, vinylethyne, and
buta-l,3-diene were detected.

The rearrangements of MCB accompanied by its decomposi-
tion have been discussed in a review.281

IX. Polymerisation
The possibilities of using MCB for preparing polymers and
copolymers have been examined.

Methylenecyclobutane and some of its derivatives (3-CN,
3-COOH, 3-Me-3-COOH, 3-Ph) do not polymerise in the
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presence of radical initiators,282-283 BF3-Et2O, or BuLi, but
they form copolymers with acrylonitrile, styrene, or methyl
methacrylate.282

The polymerisation of MCB on treatment with Lewis acids
(AlCb, TiCU, SnCU, or BF3) results in a low-molecular-mass
polymer (average molecular mass < 2000) having a regular
structure with cyclobutane side groups.284

In the presence of Ziegler-Natta catalysts [AlEt3-Ti(OPr)4

or AlEt3-TiCl4-PPh3], poly(methylenecyclobutane) is formed,
the ozonisation of which yields a linear polyketone.285 When other
catalysts were employed, polymerisation occurred with complete
or partial opening of the cyclobutane rings.286"288

The regioselective polymerisation of MCB and its regioselec-
tive copolymerisation with ethene occur on treatment with
[(l,2-Me2C5H3)2ZrMe]+[MeB(C6F5)3]- m 2 9 0 to yield a linear
polymer or copolymer 132 with methylene side groups.

Zr-R

(CH2=CH2)

132

The influence of MCB on the polymerisation of isoprene in the
presence of the Ziegler-Natta catalyst Al(Bu')3-TiCLi has been
studied by Sire et al.291 It was found that an admixture of MCB in
the monomer has no effect on the properties of the polymer, but
substantially retards the polymerisation.
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Abstract. Data on the synthesis and chemical properties of
sultines, cyclic esters of sulfinic acids, are reviewed. The known
methods for synthesising sultines are considered, the reaction
mechanisms and stereochemistry of the compounds obtained are
discussed. The chemical transformations of sultines, including
photolysis, thermolysis, redox reactions, and interaction with
nucleophiles, are described. The bibliography includes 109 refer-
ences.

I. Introduction
Lactones of sulfinic acids, i.e., sultines, were first mentioned as
early as the end of the last century.1 However, the chemical
transformations of sultines long remained little studied due to
their inaccessibility. The chemistry of sultines began to develop
successfully only in recent decades. Many studies on methods for
the synthesis of compounds of this class and their properties were
published; the interest both of synthetic chemists and theoreti-
cians in them has grown significantly. From the theoretical view-
point, sultines are promising as models for studying the
stereochemistry of sulfur, since the S atom in them is located at a
vertex of a stable pyramid and does not have identical substitu-
ents, i.e. it is a chiral centre. The asymmetry of the molecule caused
by the S atom can be easily removed by oxidising the sultine to the
corresponding sultone.2-3 Owing to the existence of a rather high
barrier to inversion of the sulfoxide group, the introduction of at
least one substituent into the sultine ring results in the appearance
of diastereomers differing in the mutual arrangement (cis or trans)
of the sulfoxide group and the substituent relative to the ring
plane, i.e., geometric isomerism appears. Sultines are interesting
as synthons because they possess hidden (latent) bifunctionality:
cleavage of the heterocycle at the S —O bond leads to the
simultaneous appearance of two functional groups in the product.

Owing to the increasing interest in studies on sultines and their
transformations, we have attempted to systematise the data on the
compounds of this class. It is noteworthy that sultines are
mentioned in several reviews devoted to sulfinic acids and their
derivatives;4"6 however, these data are not systematic but very
fragmentary and given only in outline.
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II. Methods for synthesising sultines
Three main groups can be distinguished among the known
methods for sultine synthesis; these groups differ in the approach
used to create the sultine structure. One group of reactions
involves fragmentation-cyclisation transformations of sulfones.
Another group combines cyclisations of bifunctional sulfur-con-
taining compounds, usually thiols, sulfides, or sulfoxides, in which
the hydroxyl group serves as the second function. The third group,
not the most common but very interesting, involves sultine ring
formation reactions with simultaneous introduction of three
heteroatoms into the molecule upon addition of sulfur dioxide to
unsaturated molecules.

1. Rearrangements of sulfones
A number of studies of both homo- and heterolytic sulfone
rearrangements, which result in sultine formation, have been
described. The driving force for these reactions frequently origi-
nates from a decrease in strain in the starting structure due to an
increase in the heterocycle size by one atom, as, for example, in the
case of four-membered cyclic sulfones, or from the presence of a
good leaving group in the molecule.

a. Reactions of sulfones involving homolytic cleavage of a C - S
bond
The formation of 5-substituted 3,3-dibromo-l,2-oxathiolane
2-oxides 1 was found to occur in the radical addition of bis(tri-
bromomethyl)sulfone to alkenes.7 Most probably, sultine 1 is
formed through intramolecular cyclisation of radical 2. The
subsequent elimination of the very stable tribromomethyl radical
is the driving force for this unusual cyclisation. Sultine 1 is formed
in a low yield, the main processes being chain transfer. However, it
cannot be ruled out that a decrease in the concentrations of the
sulfone and alkene in solution, i.e., higher dilution, would lead to
an increase in the lifetime of radical 2 and, hence, to increased
probability of its cyclisation into sultine 1.

O

Br3C S—CBr3

O

Br 2 C-

O
II

II
II
II
O

-CBr 3
R2

o

CBr2 S—CBr3

O
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'' I o
R I v _ II •

\ - CH2 —CBr2 S—CBr2

Br °

(BrCR1R2CH2CBr2)2SOj

5(11%) 6(33%)

R1 = Ph, R2 = H;

R1 = R2 = Me.

b. Reactions of sulfones and 1,2,3-thiadiazine 1,1-dioxides via a
concerted mechanism
The thermal decomposition of 3,8-diphenylnaphthothiete 1,1-di-
oxide 3 at 400 °C under nitrogen in the presence of 9,10-dihy-
droanthracene affords naphthosultine 4 in 78 % - 81 % yield.8 The
reaction presumably involves a step in which an intermediate
(possibly, a dipolar or biradical compound) is formed, which gives
sultine 4 upon subsequent cyclisation.

Thermolysis of the unsubstituted thiete 1,1-dioxide in the gas
phase at 400 °C or in a degassed benzene or cyclohexane solution
at 200 °C also gives the sultine 7 in high yields (up to 90%). It is
likely that this transformation involves the vinylsulfene 8 as an
intermediate. This is confirmed by the fact that this reaction, in the
presence of phenol, gives phenyl allylsulfonate in 15% yield.9

Cn A ^

SO2

8 7

IphOH

'' SO3Ph

The formation of the vinylsulfene 8 and its subsequent
transformation into the sultine 7 are believed to occur via a
concerted mechanism.9 The fact that reaction of 2//-l,2,3-benzo-
thiadiazine 1,1-dioxide 9 with chlorine in an anhydrous medium
gives the chlorosultine 10 is considered10 to support this mecha-
nism. It is assumed that in this case the chlorination product 11
initially formed decomposes with elimination of the very stable
nitrogen molecule and formation of the vinylsulfene 12. The latter
then cyclises to the chlorosultine 10. However, it cannot be ruled
out that compound 11 gives the diazonium sulfinate 13 by
heterolytic cleavage of the S—N bond. Diazo compound 13 can
also eliminate a nitrogen molecule to give the same vinylsulfene 12
or be directly transformed into the chlorosultine 10.

The role of 9,10-dihydroanthracene in this transformation is
unclear; however, in its presence the decomposition of sulfone 3
stops at the stage of sultine 4. In the absence of 9,10-dihydro-
anthracene, the reaction proceeds further to give the fused-ring
fluorene 5 and fluorenone 6, i.e. the same products as those from
the thermolysis of sultine 4.

Ph

400 °C, N2 .

11

- N 2

- N 2
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Clearly, the thermal decomposition of compound 9 also
follows a similar scheme."

- N 2

c. Reactions of sulfones involving heterolytic cleavage of the C—S
bond
The rearrangement of the four-membered cyclic sulfones 14a,b on
treatment with a base, fert-butoxymagnesium bromide, to give the
corresponding 3,5-diphenyl-l,2-oxathiolane 2-oxides 15a,b via an
ionic mechanism has been reported.12'13

H

Unlike the majority of transformations that result in mixtures
of diastereomeric sultines, this reaction is stereospecific with
respect to the phenyl substituents and stereoselective with respect
to the sulfonyl group oxygen. This is explained12> 13 by the unique
structure of the reagent, ter?-butoxymagnesium bromide, which,
together with diethyl ether as a solvent, exerts a 'cage' effect
around the sulfone. It is assumed that terr-butoxymagnesium
bromide initially abstracts a proton from the sulfone. The result-
ing carbanion and to-?-butyl alcohol appear in close proximity to
each other, which permits fast reprotonation of the anion before
and after the rearrangement, and hence makes it possible to avoid
side reactions. The above scheme reflects the stereochemical
features of the reaction. The unusual cleavage of the C —S bond
remote from the reaction centre formed initially is explained in
terms of molecular orbital theory.

It is also interesting to note that prolonged reaction with
sultine 15b, containing trans-oriented phenyl substituents, results
in its complete isomerisation to c«-3,5-diphenyl-l,2-oxathiolane
(2,3-cw) 2-oxide 15a. The latter is probably more thermodynam-
ically stable, since the two bulky phenyl substituents in this
compound occupy pseudo-equatorial positions.14

The synthesis of y- and 8-sultines by the desulfurisation of the
cyclic thiolsulfonates 16 and 17 on treatment with tris(diethyl-
amino)phosphine has been proposed.15 According to 31P NMR
data, the reaction occurs via the intermediate phosphonium salt
18.

P(NEt2):

;o2 + P(NEt2)3 —

16 18

(Et2N)3P=S

17

Qs=o
19 (80%)

+ P(NEt2)3

a (Et2N)3P=S
:O

20 21

The cyclisation of the salt 18 through one of the nucleophilic
centres of the sulfinyl group, the O or S atom, accompanied by
elimination of the aminophosphine sulfide molecule can give a
sultine or a cyclic sulfone, respectively. The determining factor is
probably the size of the resulting heterocycle. For example, the
reaction with 1,2-dithiolane 1,1-dioxide 16 gives exclusively
1,2-oxathiolane 2-oxide 19, whereas desulfurisation of
1,2-dithiane 1,1-dioxide 17 gives the sultine 20 and the sulfone 21
in a 9:1 ratio.

Braverman et al.2-3-16'17 synthesised unsaturated y-sultines by
cyclisation of the sulfones 22 or sulfinates 23 on treatment with
bromine. It is believed that the reaction begins with the electro-
philic addition of bromine to the allene moiety with the formation

R2 H

22

R2

"R1

Br-

24

11 -R'Br

25

R1 = Me, CH2C=CH, C6H4Me R2 = Bu', CMe2C = C H
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of the bridged bromonium ion 24. This allows one to explain the
retention of chirality at the y-carbon atom in the optically active
sulfones 22 during subsequent nucleophilic attack by the O atom
of the sulfonyl group. The subsequent transformation of inter-
mediates 24 into sultines occurs only when the former can
eliminate a stable carbocation, such as fm-butyl or dimethyl-
propargyl, and probably proceeds via an SNl mechanism. When
there is no good leaving group, a proton is eliminated and an
acyclic product 25 is formed.

The fragmentation of sulfinates 23, unlike that of the sulfones
22, occurs via an SV2 mechanism in which there is nucleophilic
attack by the bromide anion resulting in cyclisation to a sultine
with simultaneous elimination of an alkyl bromide molecule.

O

R2 S—OR1

/=c=\ -̂ -*- R3 -VC^^s-v°7~Rl -
R 3 7 X

H ^ ! > s = ^ ^ - ^ -R'Br

23

R1 R3

Me
Et
Et
Et

Me
Me
Me
H

Me
Me
H
H

It is believed that the reactions of a number of sulfones 22, e.g.
with R1 = Me, cannot occur via the S\2 mechanism due to steric
and electronic effects of the sulfonyl group.2-3> 16> 17

A six-membered sultine, 3-methylbenzo[c][2.1]oxathiine
1-oxide 26, was obtained along with the usual reaction product,
the thiepine 28, upon isomerisation of benzyl (2-cyclopropyl-
phenyl) sulfone 27 in presence of acid.18 The formation of sultine
26 is explained by rearrangement of the benzyl a-carbocation
formed initially to a P-carbocation followed by its nucleophilic
stabilisation by the sulfonyl group and by elimination of the
benzyl fragment.

O2CH2Ph

,CH—Et

:CH2Ph

H2O
- H +

27

28

,CH2—CHMe

O2CH2Ph

It is to be noted that the ratio of the reaction products strongly
depends on the reaction temperature, and at 20 °C one can obtain
sultine 26 in up to 84% yield.

2. Cyclisation of bifunctional sulfur-containing compounds
The cyclisation of bifunctional sulfur-containing compounds is
the most frequently used method for the synthesis of sultines. This
group of reactions is represented by diverse transformations.

a. Oxidation of a,co-mercaptoalcohols, disulfides and
P-thiolactones
A number of syntheses of sultines by the oxidative chlorination of
mercaptoalcohols in various systems have been reported. For
example, benzo[c][l,2]oxathiine 2-oxide 30 can be obtained by
treatment of P-(o-hydroxyphenyl)ethanethiol 29 with chlorine in
glacial acetic acid.19 The mechanism of this reaction proposed by
the authors is presented below.

Cl2 / AcOH

CH2CH2SH

OH

CH2CH2S-f^-

29

c i -

AcOH

= O

30 (49%)

CH2CH2S
Nci

The same method was used to synthesise 3,5-diphenyl-l,2-
oxathiolane 2-oxide 15 from 3-hydroxy-l,3-diphenylpropane-
thiol12 and 4-[(benzyloxycarbonyl)amino]-l,2-oxathiolane
2-oxide 31 from hydroxypropyl disulfide 32.20

OH SH

O
\ \

15a 15b Ph
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Cl2 / AcOH

H

32

NHR
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O

31a (7%)

H

RHN O

O

31b (28%)

However, the yields of the isomeric sultines 15a,b and 31a,b
did not exceed 40%. It is likely that the C—O bonds in compounds
15 and 31 are weaker than the Ar—O bond in the sultine 30 and
undergo extensive nucleophilic cleavage by the chloride anions
present in excess. This accounts for their considerably lower yields
compared with that of sultine 30. The yield of sultine 31 could be
increased to 86% -90% by maintaining the concentration of the
halogen at a sufficiently low level, which is possible when N-
bromosucinimide (NBS) or iV-chlorosucinimide (NCS) are used
as halogenating agents.

A synthesis of the simplest sultines by the cyclisation of
a,co-mercaptoalcohols on treatment with chlorine in nonpolar
solvents followed by hydrolysis (see Table 1) has been proposed.21

The authors suggest that when 2 equiv. chlorine are used in the
reaction, the acyclic chlorosulfonium ion 33 is formed; the latter is
transformed into the cyclic ion 34, which then gives the sultine on
treatment with 1 equivalent of water.

HO—(CH2)n—SH
2C12/CH2C12

(CH2),

It should be noted that when the distance between the reacting
centres increases, polymerisation prevails over cyclisation, which
decreases the yields of sultines.

A preparative method for synthesising cyclic mixed anhy-
drides of P-sulfinocarboxylic acids 3822 is based on oxidative
chlorination of substituted P-thiolactones 35 (with chlorine or
sulfuryl chloride) in acetic anhydride. It was demonstrated that
P-(chlorosulfinyl)alkanoyl chlorides 36 are formed in high yields
(75%-80%) for a reagent ratio 35 :Cl2:Ac2O = 1:2: l,andthat
the SOC1 group is, most probably, formed due to interaction of a
trichlorosulfurane intermediate with acetic anhydride. With
excess acetic anhydride (35: Cb: Ac2O = 1:2:2), sulfinyl chlo-
rides isomerise to the cyclic sulfuranes 37, which react with acetic
anhydride to give l,2-oxathiolan-5-one 2-oxides 38.

R1 R2

\ — I - R 3 2SO2C12> y-
SC13

R 2 1

-)-R3

COC1

Ac2O
- 2AcCl

35a-d

Table 1. Synthesis of the simplest sultines by chlorination of mercapto-
alcohols.

Thiol Sultine Yield (%)

HO(CH2)3SH

HO(CH2)4SH

HO(CH2)5SH

Me
OH SH

OH SH

Me

90

85

10

70

70

80

n ] IN.

SOC1 COC1

36a -d

R \

C12S

R2 1
)-^-R3

-o^°
37a-d

Ac2O

R« f

38

a
b
c
d

O=S. /^°
0
38a-d

R1

H
Me
H
H

R2

H
H
Me
Me

R3

H
H
H
Cl

Yield (%)

25-40
73-77
87-97
100

The cyclic anhydrides 38 are highly reactive and find use in the
synthesis of physiologically active compounds.

The formation of tetraphenyloxathiolanone oxide 39 by the
oxidation of the corresponding P-thiolactone 40 with w-chloro-
perbenzoic acid (MCPBA) has been reported.23 However, the
yield of the sultine obtained by this method did not exceed 18%.

Ph Ph
Ph— —Ph 2.3 equiv. MCPBA, CH2C12

\
40

39(18%)

Ph

(17%) (15%) (24%)
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The authors23 consider that compound 39 could be formed
either by the oxidation of the initial thietanone 40 to a-oxo-
sulfoxide followed by its isomerisation to the sultene 41 and
transformation of the latter into the sultine 39 (cf. Ref. 41) or by
the oxidation of the initial thiolactone 40 to the thietanone dioxide
42, which subsequently rearranges into the sultine 39.

PhPh
Ph———Ph

Ph Ph

S-

o
40

PhPh

Ph-J—I—Ph

Ph Ph

Ph—I—I—Ph
I I

O = S — k
II v .

42

Ph Ph

Ph-J—L-Ph

39

The oxidative cleavage of 3,3'-dithiodipropanol with aqueous
KI-I2 solution followed by cyclisation gave 1,2-oxathiolane
2-oxide 19 in 77% yield.24 A kinetic study 24 allowed the following
reaction mechanism to be put forward:

S S -OH
+ IT

44

S—OH

- H I

- H I

19

The attack of the disulfide - iodine complex 43 formed initially
by an iodide anion cleaves the S — S bond in the disulfide. It was
shown that hydroxy groups do not exert nucleophilic assistance in
the cleavage, and that the cyclisation of sulfenyl iodide as well as
the thiolate- iodine complex occurs in the next step. The resulting
sultene 44 undergoes subsequent oxidation and hydrolysis to give
1,2-oxathiolane 2-oxide 19 as the final product. It is noteworthy
that this reaction is not general. For example, 4,4'-dithiodibutanol
is oxidised by an aqueous solution of iodine to give 4-sulfobuta-
nol, possibly because the distance between the reaction centres
involved in the cyclisation increases. Under the same conditions,
3,3'-dithiodipropionic acid is transformed into 3-sulfopropionic
acid.

b. Cyclisation of oc,co-hydroxysulfoxides
The cyclisation of hydroxyalkyl sulfoxides in the presence of
halogenating agents, such as NBS, NCS or SO2CI2, results in the
formation of sultines25"28 or sulfones,29'34 depending on the
structure of the starting compound.

In all cases, the existence of a cyclic intermediate of type 45 is
assumed,33-34 which can be opened at the C —O bond to give
sulfones or, when R is a good leaving group, can give the
corresponding sultine by cleavage of the R — S bond.

R S

(CH2)n—CH2OH

I
R — S (CH2)n —CH2OH

x x-

-RX

-HX

R—S—(CH2)n

. O— CH2 J

45

Njl—(CH2)n

I I
o—a:H2

o

-HX
- R S—(CH2)n_ , - C H = C H 2

O

R S (CH2)n —CH2X

X = Cl, Br; n = 1 -4

Durst and co-workers26 used this approach to synthesise
sultines containing from five to eight atoms in the heterocycle by
reactions of /erf-butyl co-hydroxyalkyl sulfoxides with sulfuryl
chloride.

O

Bu'—S

CH2(CH2)n—CH2OH

Bu' S—CH2(CH2)n—CH2OH

Cl Cl-

I (CH 2)n
»-Bu' Si /

-HC1 | | ^ C H 2 -Bu'Cl

o ci-

\\ -HC1
CH2(CH2)nCH2OH

(CH2)n

X H 2

n= 1-4

In this case, the to-/-butyl group serves as a good leaving
group. Sultines are formed in high, nearly quantitative yields for
n = 1,2 (see Table 2). When n increases, i.e., the reaction centres
become more distant from each other, the probability of the
cyclisation and hence the yields of the sultine decrease. The yields
of sultines obtained by the cyclisation of terf-butyl hydroxyalkyl
sulfoxides in the presence of halogenating agents (NBS, NCS,
SO2CI2) are given below.

(83%)

O

(45%)

= O

Me

(72%) (80%) (80%)



Synthesis and properties of sultines, cyclic esters of sulfinic acids 153

Ph O

= O

(95%)

Certain stereochemical features of this reaction are of interest.
y-Sultines with substituents in the ring were isolated as mixtures of
diastereomers, whereas the formation of 5-sultines (six-membered
heterocycles) occurs stereoselectively and results exclusively, or
predominantly, in one isomer having a chair conformation with
an axially oriented S = O bond and a substituent in an equatorial
position.35 The preference for a conformation with an axially
oriented S = O bond for cyclic trimethylene sulfites and their
analogues is obviously related to the anomeric effect.36-37

O

c^f R I
ci-

46

The high selectivity of the transformations in the synthesis of
8-sultines is explained26 by the isomerisation of products under
the reaction conditions or during isolation, on the one hand, and
by the predominant formation of some of the isomers during the
reaction, on the other hand. It cannot be ruled out that this
preference manifests itself at the alkoxyoxosulfonium salt forma-
tion stage, for which the conformation 46, with both substituents
in equatorial positions, is the most favourable.

Attempts to synthesise p-sultines from ter/-butyl 2-hydroxy-
alkyl sulfoxides failed due to their instability: at 20 °C, they
eliminate sulfur dioxide in several minutes to give unsaturated
compounds.38-39 This is probably caused by the significant strain
in the four-membered ring.

O OH
\ C H _ ( /

/ I I ̂

It was only in the case of ferr-butyl 2-hydroxy-l,l-dimethyl-
2,2-diphenylethyl sulfoxide 47 that the corresponding sultine,
3,3-dimethyl-4,4-diphenyl-l,2-oxathietane 2-oxide 48, which is
stable at 20 °C over a period of several days, was isolated and
characterised.40

O ¥ e OH
Vj, \, c / SO2C12 / CH2C12^

/ I
Me

47

(

O ^

Ph
Ph

I

?

>h

—Ph

—Me
ie

48 (60%)

- 7 0

Ph+ i

C

y-

Me

- C Ph

Me

(15%)

P h \
f

Ph

CH2C1

K
Me

(15%)

However, despite all failures to synthesise P-sultines, the
generality of this method leading to heterocycles with 5 to 8
atoms in the ring and the possibility of synthesising various
sultines by introducing substituents into the alkyl chain of the
initial tert-butyl ro-hydroxyalkyl sulfoxide make this reaction a
promising preparative method.

The cyclisation of 2-(benzylsulfinyl)isophthalic acid 49 gives
the sultenes 50 and 51. The latter was oxidised with MCPBA to
give the corresponding sultine 52.41-42 The reaction mechanism
was not discussed in detail; however, it can be assumed that
cyclisation of the sulfoxide in an ACOH/AC2O mixture probably
occurs by an intramolecular Pummerer reaction followed by
nucleophilic participation of the neighbouring carboxyl group.

CO2H

CH2Ph

AcOH / Ac2O

100 °C

CO2H

49

CO2H CO2CH2PI1

+ AcOCH2Ph

O



154 O B Bondarenko, L G Saginova, N V Zyk

c. Cyclisation of hydroxysulfinates
The sultine ring is also formed through the cyclisation of hydroxy-
sulfinates in acidic media. They can be generated using various
methods.

For example, Durst et al.43 suggest that hydroxysulfinates can
be obtained by the reduction of l-hydroxy-l/f,3.Hr-benzo[c]-thio-
phene 2,2-dioxides 53 with sodium tetrahydroborate. Subsequent
cyclisation of hydroxysulfinates gave l/ir

>4.//-benzo-[d][2,3]oxa-
thiine 3-oxides 54.

It is believed43 that hydroxysulfinate cyclisation in acidic
media involves the participation of the protonated form of sulfinic
acid. The possibility of this transformation was shown for the acid
hydrolysis of methyl toluene-/>-sulfinate in H218O. **

R1 = R2 = H (70%); R1 = Me, R2 = H (55%); R1 = H, R2 = Ph (79%)

The generation of a hydroxysulfinate followed by cyclisation
also occurs during the metallation of the cyclic sulfone 53 with
organolithium reagents. It was proposed to synthesise various
sultines using functionalised lithium derivatives.43-45

Me OH Me.

53
Me

Messinger46*47 obtained hydroxysulfinates by the cleavage of
y,Y'-dioxosulfones with the cyanide anion followed by their
reduction with sodium tetrahydroborate.

^ R CNV
O

JNaBH*

)H

H+ | -H2O

O

55a 55b

55a: R = />-ClC6H4 (65%),/>-MeC6H4 (60%),/J-MeOC6H4 (63%);

55a + 55b: R = Ph2CH (72%), C10H7 (42%)

It is interesting to note that upon subsequent acidification
of phenyl-substituted hydroxysulfinates (R = /?-ClC6H4,
/>-MeC6H4, or />-MeOC6H4) their cyclisation to sultines occurs
stereospecifically and gives exclusively cw-diastereomers 55a. It is
likely that this feature of the reaction is due to steric effects of the
substituents, since 5-(p-naphthyl)- and 5-(diphenylmethyl)-
sultines, obtained under the same conditions, consist of a mixture
of isomers 55a + 55b.

The alkaline cleavage of dibenzothiophene dioxide 56 in the
presence of 18-crown-6 gave potassium biphenyl-2-sulfonate 57
and dipotassium 2'-hydroxybiphenyl-2-sulfinate 58. Acidification
of the mixture gave mainly biphenyl-2-sulfonic acid and the
sultine 59.48

It is remarkable that in the absence of a crown ether,
potassium biphenyl-2-sulfonate 57 is formed exclusively, i.e. only
the S atom is attacked by the hydroxide ion (pathway a). It is
assumed that the loss of reaction selectivity in the presence of the
crown ether is due to the appearance of free hydroxide ions, which
are more reactive than the solvated ions. This allows the hydroxide
ions to attack the aromatic ring (pathway b) to give the dipotas-
sium salt 58.

(62%) (4%) 59(26%)

The synthesis of the sultine 60 by the cyclisation of the
corresponding hydroxysulfinic acid 61 on treatment with thionyl
chloride or acetyl chloride has been reported.49 The hydroxysul-
finic acid 61 was obtained from benzothienobenzo-thiophenedi-
sulfone 62 by nucleophilic cleavage of the C — S bond by the amine
and subsequent hydrolysis.

SOT NR'R2 H2NR'R2

HO2S OH
61 60
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A general method for the synthesis of 1,2-oxathiolane-5-one 2-
oxides 63a-c and 2,l-benzoxathiol-3-one 1-oxide 63d by treat-
ment of bis-sodium P-(hydroxysulfinyl)carboxylates 64 with
oxalyl chloride according to the following scheme has been
proposed:50

+ (COC1)2H
NaO2S CO2Na

64

R1. R2

H
S CC1OS

R1

CO2Na

-NaCl, -CO, -CO2

R1 R2

H
S CNaO2S COC1

-NaCl

w R >

63a-d

a: R1 = R2 = H (63%);
b:R' = H, R2 = Me (64%);
c: R1 = Me, R2 = H (59%);

d: R'CCR2 = Tl J (70%).

Mixed anhydrides of p-sulfinocarboxylic acids 63 are unstable
and can be isolated only if moisture is completely absent.

d. Cyclisation of bifunctional compounds with simultaneous
introduction of a sulfur-containing group
Let us consider several examples demonstrating the syntheses of
sultines by the cyclisation of bifunctional compounds involving
the introduction of a sulfur-containing group.

In their study of new sulfur transfer reagents, Harpp and
coworkers51 proposed the synthesis of sultines by the reactions of
Ar,./V'-thiobisimidazole 65a and A^.A^'-thiobisbenzimidazole 65b
with certain diols.

S—N

65a 65b

Compounds of type 65a,b are reactive toward nucleophiles
containing an active hydrogen atom (OH, SH, NHR). This is
explained by the protonation of the leaving group of the reagent in
the first reaction step followed by its nucleophilic substitution
(when it is eliminated as a neutral molecule).

The mechanism of the transformation of the diols 66 and 67
into the corresponding sultines has not been discussed;51 however,
one can assume that formation of the cyclic sulfoxylate 68 occurs
initially, and the latter then rearranges to the sultine 69. Similar
rearrangements are known for acyclic allyl and benzyl sulfoxy-
lates.52

65a

OH

66

68 69 (100%)

(91%)

The synthesis of 3-phenyl-l,2-oxathiolane 2-oxide 70 by
treatment of 1,3-dibromo-l-phenylpropane with sodium 1-ben-
zyl-l,4-dihydronicotinamide-4-sulfinate 71 has been reported.53

The initial step obviously involves the formation of the sulfinic
ester 72 with elimination of a bromide anion, the cyclisation of this
ester then occurs by nucleophilic attack by the S atom at the C
atom of the benzyl fragment. Subsequent elimination of 1-benzyl-
1,4-dihydronicotinamide (BNA) yields sultine 70.

Ph

Br Br

BNA-SO2Na
71

DMF Ph

-NaBr B7/°
72

O

O
o-

BNA 70

The synthesis of y-sultines by treatment of y,8-unsaturated
alcohols with thionyl chloride in the presence of pyridine has been
suggested.54 In this reaction, the intermediate 73 undergoes
cyclisation involving the double bond, which in this case acts as
a second functional group.

74

It should be noted that 4-chloro-4-methyl-l,2-oxathiane
2-oxide 74 was isolated as one diastereomer with cw-axial orienta-
tion of the S = O group and the Cl atom.

An analogous combination of a double bond and a hydroxyl
group is also present in the tricyclic alcohol 75, which gives the
sultine 76 on treatment with thionyl chloride.55

H

soci;
76 °C

75 76
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It was shown that the result of the reaction in the rigid
structure 75 is largely determined by the mutual orientation of
the reaction centres — the hydroxyl group and the double bond—
in the molecule and by the distance between them. Another
interesting feature of the reaction should be noted: this is an
unusual example of an electrophilic <wco-cw-addition to a double
bond. This conclusion was based on the spectral characteristics of
the reaction product, the sultine 76.

The reactions of unsaturated alcohols with ./V-sulfinyltoluene-
/vsulfonamide in the presence of BF3 • OEt2 gave diverse chiral six-
and seven-membered mono- and bi-cyclic sultines (see Table 2).56

The high stereoselectivity of the reaction was noted: the stereo-
chemistry of ring annelation is determined by the configuration of
the starting alcohol; in each case, the molecules of the resulting
sultines contained an axially oriented S = O bond and an exocyclic
methylene fragment.

Alcohols A and F (see Table 2) gave the sultine 77 and the
product 78, which retained the amine residue; this did not allow

Table 2. Syntheses of sultines by the reaction of unsaturated alcohols with
JV-sulfinyltoluene-/>-sulfonamide in the presence of BF3 • OEt2.

Alcohol Formula Product Yield (%)

X^SS. ^ ^ V

>^OH

Phv

32

64

O

C T O H II 69

D
'OH

55

' - O H
75

''OH

-o

17

46

H
H

the authors56 to make an unambiguous conclusion about the
reaction mechanism.

R N = S = O

^O

BF3 OEt2

10 °C, 2 h

Me

RHN
SO

77 78

R = MeC6H4SOJ

The synthesis of dibenzoxathiine oxide 59 from o-hydroxybi-
phenyl and thionyl chloride in the presence of Lewis acids57 can be
formally assigned to the above type of reactions for the aromatic
series. In this case, the second reaction step involves typical
electrophilic substitution in the aromatic ring.

59(51%)

3. Syntheses of sultines with participation of sulfur dioxide
We assigned reactions involving sulfur dioxide as one of the
reagents to the third group of transformations resulting in the
formation of the sultine ring. When considering these reactions,
attention should be paid to particular features of the structure of
sulfur dioxide, in the molecule of which the S atom has simulta-
neously a nonbonding electron pair and vacant rf-orbitals. It is by
virtue of the latter that sulfur dioxide forms charge-transfer
complexes with various Lewis bases, namely, amines,58 aromatic
compounds,59"61 ethers, alcohols62 and alkenes.63 Sometimes, as
in the case of trimethylamine, these complexes are so stable that
they can be isolated in the crystalline state.64-65

a. Reactions of sulfur dioxide with 1,3-dienes
The well-known cheletropic addition of sulfur dioxide to con-
jugated polyenes in the presence of inhibitors of radical processes
involves both the vacant rf-orbitals and the lone electron pair of
the S atom. This transformation occurs as the [2 + 4][n + 7171]
cycloaddition to give five-membered cyclic sulfones, i.e. sulfo-
lenes.66 However, it was noted that, in some cases, an atypical
mode of addition of sulfur dioxide to dienes involving the S = O
bond gives unstable unsaturated six-membered sultines, which
undergo retrocycloaddition and rapidly decompose into the
starting compounds.26

For example, the formation of a kinetically controlled reac-
tion product, the sultine 79, in the course of [2 + 4][7t+7i7t]
cycloaddition of sulfur dioxide to substituted dimethylene-tri-
cyclohexane 80, a reactive diene in the Diels-Alder reaction, has
been reported.67
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The sultine 79, which is unstable at room temperature, is
transformed into the sultine 81 (up to 90%) by isomerisation of
the tricyclic fragment into a benzene ring (pathway a), or into the
sulfone 82 by retroaddition (pathway b). Heating of the sultine 81
in o-dichlorobenzene at 80-100 °C results in its dissociation into
sulfur dioxide and o-quinodimethane 83 with subsequent recom-
bination into the thermodynamically controlled product sulfone
84, a product of [2 + 4][« + %n] cycloaddition. The same sulfone
was obtained by isomerisation of the tricyclic fragment in com-
pound 82. It was also noted that the addition of diene 80 to liquid
sulfur dioxide at — 50 °C gave only the aromatic sultine 81, which
is probably due to the isomerisation of the sultine 79 to 81
catalysed by liquid sulfur dioxide.

The preferential formation of the sultine 69, the product of the
[2 + 4] [7t+7ut]-cycloaddition of sulfur dioxide to o-quinodi-
methane under kinetic control, together with a sulfone (in a 9:1
ratio) was noted.68

69

In some cases, the addition of sulfur dioxide to conjugated
polyenes is catalysed by Lewis acids.69"72 The latter form com-
plexes with sulfur dioxide,73 which then behaves with enhanced
electrophilicity. The reactions occur stepwise with intermediate
formation of carbocations.

For example, the reaction of cyclohexadiene with the
SO2 • SbF5 complex74 gives the bicyclic sultine 85. The authors74

assume that the formation of 85 occurs through a 1,2-hydride shift
in the allylic intermediate 86.

85 (40%)

It is interesting that the reaction with 1,3-cyclohexadiene
occurs stereospecifically and gives the isomer 85 as the only
product; its structure was confirmed by X-ray diffraction analysis.
On the other hand, reactions of sulfur dioxide with cyclohepta- or
cycloocta-l,3-dienes give complex mixtures of addition products.

b. Reactions of sulfur dioxide with cyclopropanes
The formation of the cyclic sulfinate 87 by the addition of sulfur
dioxide to cyclopropyl chloride in the presence of SbFs was
observed by Olah and co-workers75 when attempting to obtain
dicyclopropylhalogenonium ions from cyclopropyl halides. The
mechanism of this transformation has not been discussed; how-
ever, it can be assumed that the first step of the reaction involves
electrophilic attack on the cyclopropane ring by the SO2 • SbFs
complex with the cleavage of the C(l)-C(2) bond to form the
carbocation 88. Subsequent intramolecular cyclisation involving
an O atom of sulfur dioxide gives the sultine 89, which eliminates
an HC1 molecule to give the cyclic sulfinate 87.

88

w
O•SbF5

89

H2O

- H C 1 , - S b F 5 o\o
87

Several papers76"81 have described the addition of sulfur
dioxide to arylcyclopropanes in the presence of trifluoroacetic
acid. The reaction occurs regioselectively and results exclusively in
5-aryl-l,2-oxathiolane 2-oxides 90 in good yields (Table 3).

SO2, CF3CO2H
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Table 3. Synthesis of sultines by the addition of sulfur dioxide to
arylcyclopropanes in the presence of trifluoroacetic acid.81

Arylcyclopropane

R1

H
p-Me
p-MeO
p-Br

P-l
o-Cl
o-Br
0-1
H
H
p-F
p-Me
p-MeO
p-Me
p-MeO
H
H
H

R2

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Ph
H
Me

R3

H
H
H
H
H
H
H
H
Ph (cis)
Ph (trans)
p-FPh (cis)
p-MePh (cis)
p-MeOPh (cis)
p-MePh (trans)

Product
yield (%)

76
88
92
45
93
22
51
44
70
Does not react
80
84
95
65

p-MeOPh (trans) 94
Ph
Me
H

95
60b

75

Diastereomeric compo-
sition of the sultine (%)a

A

60
60
60
55
55
65
55
60
50
—
50
50
60
55
61
100
30
50

B

40
40
40
45
45
35
45
40
50
—
50
50
40
16
15
—
5
50

C D

— —
— —
— —
— —
— —
— —
— —
— —
— —
— —
— —
— —
16 13
13 11
— —
10 —

aThe diastereomers A - D are shown in Scheme 1. bIn this case 10% of a
structural isomer — 4-methyl-5-phenyl-l,2-oxathiolane 2-oxide was
isolated.

A study of this reaction with a series of arylcyclopropanes
substituted in the trimethylene and benzene rings indicated that it
is an electrophilic reaction.

The resulting y-sultines are mixtures of diastereomers (the
addition was stereospecific only in the case of 1,1,2-triphenyl-
cyclopropane).

It was suggested that the reaction proceeds through a step
involving formation of an open carbocation according to
Scheme I.76"81 This is consistent with the steric requirements of
the reaction products obtained. The preferential formation of
isomer A in the case of ?ra/w-diarylcyclopropanes is explained by
its thermodynamic stability arising from the fact that the bulky
phenyl substituents in the latter, which are in a ew-position to each
other, occupy the most favourable pseudo-equatorial positions in
the molecule.14

The above reaction is a convenient method for obtaining
5-aryl-l,2-oxathiolane 2-oxides, which can be used as synthons in
organic syntheses for the bifunctionalisation of hydrocarbons.

The photochemical addition of sulfur dioxide to certain
arylcyclopropanes to give 5-aryl-l,2-oxathiolane 2-oxides 90 has
also been reported.82 In this case, cyclopropanes containing
electron-withdrawing groups in the aromatic ring were found to
be reactive. p-Nitrophenylcyclopropane gives the sultine 90 and
the cyclic sulfone 91; the latter becomes the only reaction product
in the case of the o-nitro isomer. It is noteworthy that, of the
systems studied,82 a number of cyclopropanes (phenylcyclo-pro-
pane, p-biphenylylcyclopropane, l-methyl-2-phenyl-cyclo-
propane, />-halophenylcyclopropanes, cyanocyclopropane,
acetylcyclopropane and cyclopropanecarboxylic acid) did not
undergo photochemical addition of sulfur dioxide.

R = o-,p-NO2

The addition of sulfur dioxide to substituted benzvalenes to
give mixtures of isomeric sultines and sulfones has been

SO2,CF3CO2H

Ar

Scheme 1

SO2,CF3CO2H

SO2 • CF3CO2H A / SO2 • CF3CO2H

SO2CF3CO2H

-CF3CO2H

Ar ""SO2CF3CO2H

-CF3CO2H

J
H Ar

C
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reported.83'84 In the case of benzobenzvalene 92, the sultine 93 is
the main reaction product (the product ratio 93:94 = 3:1).

91 94(13.5%)

The addition of sulfur dioxide to the cyclopropyl-Fp complex
95 [where Fp = (r|5-C5H5)Fe(CO)2] has been reported.85 Sulfur
dioxide is usually inserted into the C—M bond of such com-
pounds, but the reaction involving complex 95 follows a non-
standard pathway with opening of the trimethylene ring and
formation of the carbocation 96, which is then transformed into
the sultine 97.

SO2 ,

95 96

However, the reaction of the norcarane-Fp complex with
sulfur dioxide results exclusively in the sulfone 98. It is assumed
that the reaction goes through the intermediate ion 99 having a
/ra/u-configuration, which makes cyclisation impossible.

SO2V
H

98

c. Reactions of sulfur dioxide with organometallic compounds
Quite unexpectedly, the sultines 100 were found to be formed in
reactions between sulfur dioxide and 2-alkynyl derivatives of
transition metals 101.86 The initial electrophilic attack is at the
C s C triple bond. The scheme presented below is supported by the
fact that the reaction between sulfur dioxide and the
Ph3SnCH2C = CH complex gives the stable sulfmate Ph3Sn[O-
S(O)CH = C = CH2], the structure of which is similar to that of
intermediate 102.

MCH2

O=S.

O

101

H2C M

I
100

M M

T|5-C5H5Fe(CO)2

n5-C3H5Fe(CO)2

Mn(CO)5

Me
Ph
H

Mn(CO)5

Tl5-C5H5Mo(CO)3
T|5-C5H5Mo(CO)3

Me
H
Me

Conversely, the reaction between sulfur dioxide and Grignard
reagents or organolithium compounds occurs in the typical way,
sulfur dioxide being inserted into the C - M bond. For example,
the a, p-unsaturated y-sultines 103 were synthesised87 by the
addition of sulfur dioxide to the Grignard reagents 104 obtained
from propargyl alcohols. The hydroxysulfinate formed initially

undergoes cyclisation to the sultine 103 upon subsequent
hydrolysis (see Section II.2.c).

R1. R2

XMg

SO2 / Et3N

OMgX

104

R1

H
H
H
Ph
Ph

O

103

R2

Et
Ph
CH2CH = CH2

Et
Ph

Yield (%)

30
60
32
40
24

A sultine with R2 = H was isolated in a low yield when the
organoaluminium compound 105 containing a vinylic fragment
was used instead of the Grignard reagent.

PhCssCCH2OH
SO2 / Et3N

H3O+

Durst et al.43 proposed that hydroxysulfinates be obtained by
adding sulfur dioxide to the previously formed dianion 106. This
approach was used to synthesise benzoxathiine oxides 107 and
benzoxathiol oxides 108.

R1 = R2 = H(50%-70%);R> = R2 = Me (38%)

R1. R2

108 (60%-70%)

R1 = R2 = H; R1 = H, R2 = Me; R1 = R2 = Me
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d. Electrochemical synthesis of sultines involving sulfur dioxide
In several papers on the cathodic reduction of sulfur dioxide in
aprotic solvents (DMF, acetonitrile),88"90 a synthesis of five- and
six-membered sultines by treatment of alkylene dihalides with the
SC>2~ anion radical was proposed. The following mechanism of
reaction of the latter in the presence of alkylene dihalides was
assumed:

SO2 + ? —

SOJ-+ RX—

RSOj + SO2~

RSOJ + RX

SO2'~ ;

RSOi+ X - ;

»» RSOi" + SO2;

*• RSO2R + X~.

The yields of sultines or cyclic sulfones depend on the distance
between the reaction centres in the alkylene dihalide. This can be
demonstrated by the scheme below.

CH2X

SO2 + (CH2)n

CH2X

n = 0

n = 1

n = 3

H2C=CH2

°—N>
(60% - 8 5 % )

o•a,
(25%-

o
O

(25% -45%) (37% - 54%)

SO2

(60%-70%)

-(C6H1 2SO2)n-

(25% -30%) (50%-65%)

X = Cl, Br, OTs

III. Properties of sultines
The limited number of convenient methods for the synthesis of
sultines has meant that their chemistry has been studied inade-
quately, and data on their reactions are rather fragmentary. The
thermal and photochemical decomposition of sultines as well as
the oxidation, reduction, and cleavage of the sultine ring by
nucleophiles have been studied in more detail.

1. Thermolysis and photolysis of sultines
The thermal stability of sultines is primarily determined by the size
of the heterocyclic ring, the nature and position of substituents in
the ring, and to a lesser extent by other features of their structure.

For example, with rare exceptions, P-sultines are very unstable
and decompose even at room temperature in several minutes
with the evolution of sulfur dioxide and formation of unsatu-
rated compounds38"40 (see Section II.2). This is probably a
consequence of the considerable strain in the four-membered

Ph,,,, / \ , , . H l.PhCH2SK

'h 2. MCPBA

OH
P h , , , , ^ , , ^ NCS^

Ph *
SCH2Ph

O—S.

heterocycle. The loss of sulfur dioxide occurs stereospecifically
by cis-elimination, which was demonstrated in the formation of
c«-stilbenelO9(>99%).

P,Y-Unsaturated six-membered sultines — 3,6-dihydro-l,2-
oxathiine 2-oxides — are unstable at temperatures above 0 °C and
decompose into 1,3-dienes and sulfur dioxide.25-67 The stereospe-
cific nature of this reaction was shown for the cw-hydroxy-
sulfoxide 110, which gave exclusively fran.s-l-phenylbuta-1,3-
diene 112 (> 99.5%) by fragmentation of the intermediate sultine
111.

O'C
-so*

!
110 i l l

112

This process is characterised by extremely easy sulfur dioxide
elimination: the decomposition of 3,6-dihydro-l,2-oxathiine 2-
oxide into the corresponding 1,3-diene and sulfur dioxide occurs
at a temperature lower by 125 °C than that required for the similar
decomposition of 2,5-dihydrothiophene 1,1-dioxide.

Unlike the 3,6-dihydro-l,2-oxathiine 2-oxides already consid-
ered, benzoxathiine oxides 113 are more stable and decompose
into the corresponding o-quinodimethanes and sulfur dioxide
only at 80 °C, whereas the elimination of sulfur dioxide from the
corresponding sulfones occurs only at 300 °C.25'45> 67 In the
absence of other dienophiles, the resulting diene once again traps
the sulfur dioxide molecule to give a cyclic sulfone isomeric with
the original sultine 113.

R'. R2

+ SO2
300 °C

Rl = H: R2 = H, Ph, Me; R1 = R2 = Me.

The ease of sulfur dioxide elimination allows one to use this
reaction for generating such reactive dienes as o-quinodimethanes
by cycloaddition in situ under mild conditions.

The fragmentation of 3,4-oxathiabicyclo[4.1.0]heptane
4-oxides 114 in boiling chloroform into a 1,4-diene and sulfur
dioxide occurs stereospecifically.91 This reaction produces cis- and
/rans-4-phenylhexa-l,4-dienes 115a and 115b from sultines 114a
and 114b with > 99.5% isomeric purity.

R1

SO2

a: R1 = :
b: R> = :
c: R1 = 1

114a-c

1, R2 = H, R3 = Me;
1, R2 = Me, R3 = H;
'• = R 3 = H

115a-c

O 109

The stereochemistry of the sulfinyl group and the mutual
arrangement of substituents considerably affect the de-composi-
tion rate. It should be noted that the decomposition of sultines
again occurs at a temperature 100 °C lower than that required for
the decomposition of the isomeric sulfone, 3-thia-bicyclo[3.1.0]-
hexane 3,3-dioxide.
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All the above examples of the thermal decomposition of
sultines occur apparently as concerted processes, which is sug-
gested by the stereospecificity of the transformations and the ease
(low temperatures) of sulfur dioxide elimination.

The examples of the thermal and photochemical degradation
of six- and five-membered sultines described below are likely to be
radical processes. The reactions occur at very high temperatures
(400-900 °C), and their course significantly depends on the
structure of the initial sultine and on the nature of the substituents.

For example, the thermolysis of dibenzoxathiine oxide 59
yields a mixture of dibenzofuran and dibenzothiophene in a 6:1
ratio.48 The pyrolysis of dibenzothiophene 1,1 -dioxide 56 gives the
same products and in the same ratio, which makes it possible to
assume the intermediate formation of the sultine 59.92

56

The thermolysis of diphenylnaphthoxathiole oxide 4 results in
two cyclisation products, compounds 5 and 6, which are formed
by the interaction of radical centres with the neighbouring phenyl
groups.7

CH2O

5 (7.8%) 6(21.2%)

In general, the presence of stabilising phenyl groups adjacent
to the reaction centres in the molecule has a decisive effect on the
thermal and photolytic transformations of sultines.

For example, the thermal decomposition of phenyl-benzoxa-
thiol oxide 116 at 750 °C occurs by the elimination of a sulfur
dioxide molecule to give a 1,3-biradical, which then rearranges to
fluorene. However, the thermolysis of the unsubstituted analogue
under the same conditions results in an uncharacterised mixture of
degradation products.93

A complete analogy between the reactions was also observed
in the photolytic decomposition of the sultines 116 and 117.94 It
was shown that the resulting 1,3-biradical 118 can also rearrange
to the carbene 119, which was identified by its reaction with
methanol.

R = H (27%), Ph (42%)

The photolysis of six-membered (69) and eight-membered
(120) sultines in methanol gave a sulfone and 9,10-dihydrophe-
nanthrene, respectively.
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The thermolysis and photolysis of 5-phenyl-l,2-oxathiolane
2-oxides 121 are accompanied by the formation of a 1,3-biradical,
in which one centre is located on the C atom of the benzyl group.
This radical then recombines to give the corresponding cyclopro-
pane. If other substituents are attached at the C(5) atom,
stabilisation of the 1,3-biradical leads predominantly to isomeric
alkenes.93'94

1=0
hv

PIT O
121

R = H (95%), Me (98%)

(X = 253 nm)
-* -Ph- R + S0 2

R3 R2

R1

Ph
Ph
H
H
Me

R 3 -

R2

H
Me
H
H
H

A

R3

H
H
Me
Ph
H

-R4 R<

R4

H
H
H
H
H

1 — ' R1

B

Product yield (%)

A

100
100
37
—
45

B

—
—
62
t
35

The addition of sulfur dioxide to benzobenzvalene, like the
addition to arylcyclopropanes (see Section II.3.b), was found to be
photochemically reversible. When the sultine 93 was irradiated
with UV light, it evolved sulfur dioxide with the regeneration of
the original benzobenzvalene 92 and formation of naphthalene in
a 1:3 ratio.8 4

This reaction is believed84 to occur by reversible homolytic
cleavage of the sultine to give the biradicals 122 and 123. The
latter, which is in a singlet state, gives benzobenzvalene 92;
alternatively, naphthalene 124 is formed by bond cleavage in the
cyclopropane fragment.

The pyrolysis of the sultine 93 gives a complex mixture
of products; 1/f-indene-l-carboxaldehyde 125 and 1/T-indene-
3-carboxaldehyde 126 together with naphthalene were isolated
from it in the proportion 124 :125 :126 :92 = 5 2 : 2 2 : 1 6 : 9 . 5 . 9 5 It
is assumed that naphthalene is also formed due to the cleavage of
the C—C bond in the intermediate biradical 123. The formation
of aldehydes in the reaction mixture was explained9 5 by the
generation of sulfene 127 and its subsequent cyclisation to the
oxathiirane S-oxide 128. In the final step, the oxathiirane S-oxide
128 loses a sulfur monoxide molecule to give the aldehyde 125.

|H2C=CHCO2Me

•Me

The presence of the sulfene 127 in the reaction mixture was
proved by performing the pyrolysis with a tenfold excess of methyl
methacrylate. This gave naphthalene (22%) and the sultine 129
(58%), the product of the 1,3-dipolar cycloaddition of the sulfene.
The formation of aldehydes was not observed in this case.

The thermolysis and photolysis of the Y-sultine 39 give
different products.23 In the former case, the elimination of sulfur
dioxide and carbon monoxide molecules gives tetraphenylethene,
while in the latter, the intermediate is stabilised by participation
of the neighbouring phenyl groups to give 9,10-diphenyl-phe-
nanthrene.

t Compound B is the only product; yield is not reported.93
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(see")

The thermal transformation of the functionally-substituted
y-sultine 130 considered below leads to a mixture of TV-allylamide
and enamides owing to heterolytic bond cleavage with participa-
tion of neighbouring functional groups.96 This decomposition is
considered to involve most probably the formation of oxazolin-
ium species 131 due to intramolecular nucleophilic attack by the
amide oxygen atom at the C — O bond in the sultine ring.96

+ Ph '
H

The thermal and photolytic decomposition of six-membered
saturated sultines has scarcely been studied. Only the photolysis of
6-phenyl-l,2-oxathiane 2-oxide to give the unsaturated sulfinic
acid 132 has been reported.94

hv

Ph

132

2. Redox reactions of sultines
One of the most typical reactions, which is often used to prove the
presence of a sulfinyl group in the compound under investigation,
is the oxidation of sultines. The reaction gives sultones, cyclic
esters of sulfonic acid, with characteristic frequencies at 1300-
1360 cm"1 in their IR spectra. This distinguishes them from
sultines, which unlike sultones, do not have this characteristic
band in their IR spectra, and absorption is observed only at 1100-
1150 cm"1. (For the methods of preparation and reactions of
sultones, see Ref. 97). As a rule, a 30% solution of hydrogen
peroxide in glacial acetic acid 9-19- «•55'57-82 or MCPBAl2-17-24-26

are used as oxidants; the latter permits oxidation under mild
conditions. In addition, potassium permanganate,36 chromic
acid98 and potassium hydropersulfate87 are also used for the
oxidation of sultines. A few typical reactions are given below:

Unlike the oxidation of heterocycles containing an SO frag-
ment in the ring, which can be carried out in stages, passing from
sulfenyl to sulfinyl group41 and then to the sulfonyl group, the
known sultine reduction reactions proceed exhaustively omitting
the sultene formation stage. In this case, cleavage of the sultine
ring at the S—O bond occurs leading, as a rule, to mercaptoalco-
hols.

H

(see8)

(see57)

H

(94%)

The latter reaction is of interest because this is a convenient
method for the bifunctionalisation of biphenyl.57

The reduction of sultines in the presence of Raney nickel or
with a great excess of lithium tetrahydroaluminate results in the
total desulfurization of the compound to give the corresponding
alcohol.55

o=s:
a^

Raney-Ni

The reduction of y- and 8-sultines with trichlorosilane in the
presence of tri(n-propyl)amine affords symmetrical dihydroxy-
disulfides in high yields.99 The reduction mechanism is unclear;
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however, the reaction does not occur in the absence of the amine
noted above. The latter may react with the ether-trichlorosilane
complex formed initially.

2NaHCO3

Pr3N

HSiCl3>

Pr3N *

-o

HO(CH2)3S —S(CH2)3OH

(80%)

HO(CH2)4S—S(CH2)4OH

(60%)

3. Cleavage of the sultine ring by nucleophiles
Sultines are stable in acidic and neutral media but undergo
alkaline hydrolysis. In this case, nucleophilic attack results in the
cleavage of the sultine ring to form hydroxysulfinates.

(see48)

OH

This reaction is reversible, and acidification leads to the
cyclisation of the hydroxysulfinate formed to give the original
sultine. The reverse reaction is often used to synthesise sultines
from hydroxysulfinates.43'45"49

The kinetics of sultine ring opening under alkaline hydrolysis
conditions and cyclisation in an acidic medium have been studied
for the sultines 133 and 134 as examples.100

n = 1 (133), 2 (134)

In both cases, a five-membered sultine is more reactive than a
six-membered one. However, the rate of 18O-isotope exchange,
which was found to involve the O atom of the sulfinyl group in
acidic media, was higher for the six-membered sultine. This result,
which seems contradictory at first sight, can be explained in terms
of molecular orbital theory.

l,2-Oxathiolan-5-one 2-oxides, i.e. mixed anhydrides of P-sul-
finocarboxylic acids, are particularly reactive towards nucleo-
philes. They readily undergo hydrolysis and can be isolated only in
the total absence of moisture. They are cleaved by nucleophiles
(ROH, R2NH) under mild conditions, and in this case, opening of
the sultine ring occurs only at the O - C O bond to give the
corresponding derivatives of P-(hydroxysulfinyl)alkanoic
acids.101"103

O

NaO2S CO2Na

HO2S CO2H

Rl R2
1 equiv. R3OH \ /

HO2S CO2R3Et2O

R1 R2

n equiv. R3OH \ /
~s *• / — \

R3O2S CO2R3

R1 R2

\ /

+ O2S CONR4R5

R4R5NH2

R1 = H: R2 = H, Me;
R1 = Me: R2 = H

The cleavage of 1,2-oxathiolan-5-one 2-oxides by nucleophiles
is interesting as a promising method for the synthesis of biolog-
ically active compounds. Compounds possessing radioprotective
activity have been found among the products of the aminolysis of
l,2-oxathiolan-5-one 2-oxides.102-103

Unlike alkyl-substituted 1,2-oxathiolan-5-one 2-oxides,
2,l-benzoxathiol-3-one 1-oxide is cleaved by alcohols both at the
O - CO and O - SO bonds.

The cleavage of sultines by halide ions begins with attack at
the C atom adjacent to the O atom of the sulfinyl group by the
anion, breaking the C —O bond and forming sulfonyl chlorides.
This reaction is the reason for the decrease in the yields of sultines
when they are synthesised with the use of chlorinating agents
(Cl2/AcOH, NSC, SO2CI2) taken in great excess.

SO2Clj PhCH SO2C1 PhCH SO2C1

* I J + I J

SO2C1

A C ° H
Cl S(

IJ (see20)y
PhCONH

O2C1

CH2C1

(see10)

Unlike the examples considered above, 1,2-benzoxathiine
2-oxide is inert to the action of chlorine under similar conditions.19

The difference between the reactivities of the sultines may be
explained by the fact that the aryl — oxygen bond is probably
stronger than the alkyl — oxygen bond, and the strain in the six-
membered ring is less than that in the five-membered ring. On the
other hand, in more nucleophilic solvents, such as alcohols,
1,2-benzoxathiine 2-oxide is oxidised by chlorine to the sultones
135 and 136, probably by the following scheme.
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In the case of the alcoholysis of a four-membered sultine,
4-phenyl-l,2-oxathietane 2-oxide, nucleophilic attack is directed
at the S atom giving hydroxysulfinate esters.38

Ph

MeOH OH

\
Ph vOMe

Thus, nucleophilic attack can be directed to both the C and S
atoms, probably depending on the structure of the starting
compounds. These data are consistent with the results obtained
for sultones: the decomposition of sultones with fused aromatic
rings occurs both through the cleavage of the C —O bond104-105

and the S —O bond,106-107 depending on their structure and
reaction conditions, but, as a rule, P-sultones react with nucleo-
philes through the sulfur atom, while the reactions of larger-ring
sultones involve the carbon atom.

The cleavage of sulfinate esters with organomagnesium com-
pounds to give sulfoxides is well known. In the case of the cyclic
esters, i.e. sultines, this cleavage results in the corresponding
hydroxysulfoxides.48'108

OH ,S—Me

O/

The reactions of sultines with alkyllithium compounds pro-
ceeds in a similar way; hydroxyalkyl sulfoxides are also formed as
a result of nucleophilic attack at the S atom.20

,O

H

R = Bu'CONH

Interesting data on the ability of sultines to form crystalline
molecular complexes with organotin compounds (of the composi-
tion RSnCb:L = 1 : 2 where L is 3,5-diaryl-l,2-oxathiolane
2-oxide), which may possess biological activity, have been
published.109

As already mentioned, the chemistry of the sultines has not yet
been adequately studied, although their presently known reac-
tions make them rather promising reagents for use in organic
synthesis. This inadequacy is partly related to the lack of con-
venient methods for the synthesis of sultines. Therefore, the
development of new methods of synthesis of sultines and the
study of their properties remain of great current interest.

This study was financially supported by the Russian Funda-
mental Research Fund (Grant No. 94-03-09592).
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Abstract. Methods for the synthesis of functional polymeric
suspensions with narrow particle size distribution are analysed.
Attention is concentrated on the conditions of the preparation of
polymeric microspheres with aldehyde, carboxyl, epoxy, or amino
groups on the surface, which possess a set of properties enabling
their use for biochemical studies. Methods of modification of
functional groups of the polymeric suspensions that make it
possible to accomplish covalent binding of the surface groups to
bioligands are considered. The bibliography includes 218 refe-
rences.

I. Introduction
Aqueous suspensions containing strictly spherical polymer parti-
cles of identical diameters are usually referred to as polymeric
suspensions with narrow particle size distribution (PSD).1 Typical
magnitudes of the variation coefficient (a measure of the deviation
of the particle diameters from the mean value) are l % - 3 % (for
particles 0.1 -10 um in diameter)2'4 or 10% -30% (for particles
with diameters smaller than 0.06 or greater than 10 urn).2-5

Polymeric microspheres with a narrow PSD are used in
various fields of science and engineering, for example, as
calibration standards in the electron and optical microscopy and
light-scattering, for counting aerosol particles, in small-angle
X-ray diffraction, for counting viral particles, for determining
pore sizes in filters or biological membranes, for stimulating
cellular production of antibodies and their purification,6"9 as
model colloid systems for studying their rheology,10-'' stability, or
sedimentation11 etc. In recent years, monodisperse functional
suspension particles have found wide application as protein
carriers in development of immunodiagnostic assays.2

The function of these assays is based on the immunochemical
reaction between an antigen (a substance carrying signs of genetic
information alien for a particular type of organism) and anti-
bodies (proteins belonging to the class of immunoglobulins and
produced by the cells of the organism's immune system as a
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response to the appearance of the antigen) yielding an
'antigen-antibody' complex.12 The reaction in which this com-
plex is formed is highly immunospecific, i.e. in response to the
appearance of a particular antigen, the immune system generates
antibodies of a strictly specified structure capable of interacting
only with this antigen. Since both an antigen and an antibody can
react simultaneously with several molecules, spatial networks are
produced with the antigen molecules as nodes.

The formation of network agglomerates and, therefore, the
appearance of one or another type of antigens can be detected by
various methods, for example, by spectrophotometry, turbidime-
try, nephelometry, laser self-correlation spectroscopy, etc. The
need to use special expensive equipment for the detection of
'antigen-antibody' complexes hampers wide employment of the
above methods in the diagnosis of diseases. However, when
antigens (or antibodies) are bound to a polymeric carrier serving
only as an indicator, the complexes can be detected even by the
naked eye as crowding of agglomerates of the carrier particles.

The first communication on successful use of polyvinyltoluene
and polystyrene microspheres with a narrow PSD in the diagnosis
of rheumatoid arthritis was published in 1956.13 It was reported
that the interaction of antigens present in the blood serum of a
patient with gamma-globulin adsorbed on the microsphere sur-
face of a suspension resulted in the agglutination of the polymeric
particles affording large agglomerates, easily discernible by the
naked eye. Later, publications appeared 14~24 dealing with the use
of polystyrene and poly(methyl methacrylate) suspension parti-
cles as protein carriers for preparing diagnostic test-systems for
other types of diseases.

However, the use of particles of polymeric suspensions in the
development of immunodiagnostic tests has been limited by
irreproducibility of the results of analysis, which is caused, as has
been suggested by Yen et al.,24 by the fact that on slight variations
of the conditions (pH, ionic strength of the medium, temperature,
etc.), the protein adsorbed on the surface of particles is desorbed
to the aqueous phase; and this lowers the sensitivity of the tests
and leads to nonspecific reactions with other biological objects.

Polymeric suspensions containing hydrophilic particles with
surface functional groups capable of forming covalent bonds with
bioligands have proved to be free of these drawbacks. Polymeric
suspensions based on copolymers of methyl methacrylate
(MMA), 2-hydroxyethyl methacrylate, acrylic and methacrylic
(MAA) acids, acrylamide, vinylpyridine, etc. have been
synthesised and used successfully for developing immuno-
diagnostic tests.24"29
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The advantages of these suspensions over hydrophobic ones are
the following:

— the absence of nonspecific adsorption of bioligands due to
the high hydrophilicity of the surface of particles;

— the absence of desorption of protein molecules from the
surface of microsphere due to the covalent bonding between a
bioligand and functional groups of a polymeric particle;

— the possibility of covalent bonding of antigens and anti-
bodies that are poorly sorbed on hydrophobic suspension sur-
faces;

— the possibility of the appearance of conditions ensuring the
optimal orientation of biomolecules on microsphere surfaces,
which would provide the maximum sensitivity and high
specificity of the diagnostica synthesised.

The polymeric suspensions used in immunodiagnostics are
classified in terms of the type of functional groups present on the
surface. According to this criterion, they can be divided into two
types. Suspensions, whose particles contain surface groups capa-
ble of direct interaction with amino, carboxyl, or mercapto groups
of biomolecules, belong to the first type. These are, for example,
chloromethyl,30"34 chlorosulfonyl,31 aldehyde,35"38 epoxy,39 and
mercapto40-41 groups, which react with biomolecules in an
aqueous medium at moderate temperatures.

-CHO + NH2—P
pH5-7

25 °C

CH=N—P -CH2—NH—P

pHIO
(h)- CH2C1 + NH2—P

(€)—SO2CI + NH2—P

o
/ \ pH5-8

-HC—CH2 + NH2—P 30 °C

OH

[ L)—CH—CH2—NH—P

L } - CH2SH + HS—P
O2

pH5-8

[Lj — polymeric particle; P — protein

( L ) — C H 2 — S 2 — P

Suspensions with functional groups, which are not able to
interact directly with proteins, but can form chemical bonds with
them after a fairly simple activation reaction, belong to the second
group. These are, for example, polymeric suspensions with
carboxyl,2-26-27'42-45 hydroxyl,24 '" amino,24'27 amide,27'47"50

glycol,51'52 and other groups. Methods of activation of these
groups are considered below.

At present, numerous methods of preparation of polymeric
microspheres with various functional groups on the surface have
been reported (these are emulsion, suspension, dispersion, precip-
itation, emulsifier-free, seed, and other types of polymerisations).
The choice of the method of synthesis is determined by the
necessity of obtaining suspensions with a specified set of proper-
ties: particle diameter and structure, narrow size distribution,
stability in physiological solutions and during storage, the
presence of functional groups of a particular nature at a specified
concentration on the surface of the particles. Below we survey the
methods of the synthesis of functional polymeric suspensions with
definite functional groups on the particle surface.

II. Synthesis of polymeric suspensions with
functional groups on the particle surface
1. Synthesis of polymeric suspensions with aldehyde groups
on the particle surface
Polymeric suspensions with aldehyde groups on the particle
surface are obtained by homopolymerisation of unsaturated
aldehydes (acrolein, formylstyrene) or by their copolymerisation
with monomers of various natures.

Polymerisation of acrolein has been studied most comprehen-
sively. Two routes of preparing polyacrolein microspheres with
narrow PSD's have been reported, namely, the anionic precipita-
tion polymerisation in an alkaline medium39 and the radical
emulsion polymerisation induced by y-radiation or a redox
system.53

The radical emulsion polymerisation of acrolein has been
carried out in an aqueous solution at a monomer concentration
of 10 vol.% in the presence of poly(ethylene oxide) as an
emulsifier. The process was initiated by the potassium persul-
fate- silver nitrate redox system and conducted in the dark at
room temperature and varying acrolein concentrations. Polyacro-
lein microspheres 0.01-0.2 um in diameter (depending on the
acrolein concentration in the system) with a variation coefficient
of less than 10% were obtained in this way. It was noted that
kinetic features of the acrolein polymerisation differ substantially
from those observed for hydrophobic monomers, which was
accounted for53 both by the high solubility of the monomer in
water (~20%) and by intermolecular cross-Unking processes
occurring in polymer-monomeric particles (PMP).

The y-radiation induced radical polymerisation was carried
out in an aqueous solution containing a mixture of ionogenic
(sodium dodecyl sulfate) and nonionic [poly(ethylene oxide) with
a molecular weight of 100,000] surfactants at concentrations of
0% -20% and 0% - 1 5 % relative to the monomer concentration,
respectively and a radiation dose of 0.4 Mrad at room tempera-
ture for 4 h. It was noted that the initial polymerisation rate obeys
the first-order kinetics with respect to the monomer. The size of
the particles and their PSD depend considerably on the monomer
and surfactant concentrations: the particle size increases with the
increase in the monomer concentration and with the decrease in
the surfactant concentration. By varying the above-mentioned
parameters, the authors obtained polyacrolein microspheres of a
broad range of sizes (from 0.01-0.02 to 5.0 urn). Stable mono-
disperse microspheres were formed only when the monomer
concentration did not exceed 15%.

Schlund et al.39 managed to obtain polyacrolein suspensions
with particle sizes ranging from 0.04 to 8.0 um and variation
coefficients of less than 10% by the precipitation homopolymer-
isation of acrolein in alkaline medium (pH > 11.0) with solution
of an alkali being gradually added to an aqueous solution of
acrolein, only in the presence of a specially synthesised emulsifier
produced by the interaction of polyglutaraldehyde oligomers with
sodium hydrogensulfite. The polymerisation was carried out for
10 h at room temperature.

It has been shown that the structure of polyacrolein depends
significantly on the conditions in which the microspheres are
synthesised. For example, it has been reported ^ that polymer-
isation of acrolein can involve both the double bond and the
aldehyde group. Therefore, polyacrolein incorporates two types
of repeating units:

tCH—O—I j-CH2 — CH—j-
CH=CH2L [ CHoJ,

The x:y ratio depends on the method and conditions of
preparation of the microspheres and varies from 4:1 for 'anionic'
microspheres to 1:7 for 'emulsion' microspheres. It has been
noted that the conditions in which polyacrolein suspensions are
synthesised determine the concentration of functional aldehyde
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groups on the surface of particles and, hence, the number of
covalently bound protein molecules.

Based on spectrophotometric studies, Rembaum et al.40 have
suggested that the polyacrolein molecules synthesised by
y-radiation induced polymerisation incorporate the following
structural fragments:

:H

2H

CH

.AH
CH

.CH

o

Due to the bifunctional character of acrolein, the polymeric
chains are formed by a fairly complex mechanism and their
structure is a combination of the above-presented fragments.
Thus, the structure of the macromolecules and, consequently,
the properties of the polymeric suspensions (particle size, PSD,
concentration of aldehyde groups on the particle surface, etc.)
vary over a wide range depending on the polymerisation condi-
tions, and, hence, the process is poorly reproducible. This is
especially pronounced in the case of precipitation polymerisa-
tion. Radiation-induced polymerisation has a number of advan-
tages over the precipitation polymerisation, namely, it is better
controlled and reproducible, and it yields particles with higher
concentrations of reactive groups on the surface.

Poor reproducibility of the precipitation polymerisation of
acrolein has also been reported in other papers.39-53 In addition, it
was reported that particles of polyacrolein suspensions always
contain a certain amount of an oligomeric product, associated
with characteristic features of the precipitation polymerisation
mechanism. In the course of time, these oligomeric molecules can
diffuse from the particle bulk to the surface; therefore, the
properties of the microspheres can change noticeably during
storage.

A number of methods have been suggested to eliminate the
above drawbacks which make it possible to increase considerably
the chemical stability of polyacrolein microspheres, to decrease
the physical adsorption of protein molecules on their surface, and
to increase the yield of the target product.54"57 For example, the
synthesis of polyacrolein suspensions in an aqueous alkaline
solution in the presence of 3% - 6 % radical initiators with respect
to the monomer, has been reported.56 The polymerisation was
carried out in two temperature regimes: at 5-35 °C for 1.5-2.5 h
or at 40-90 °C for 2 - 3 h. The resulting polyacrolein micro-
spheres had diameters of 0.2-6.0 um and a narrow PSD
(variation coefficient ~ 10%); they were chemically more stable
than the microspheres obtained by the conventional anionic
precipitation polymerisation, apparently due to additional cross-
linking of the polymer by radical initiators.

A similar effect has been achieved when the anionic precipita-
tion polymerisation of acrolein has been carried out in an aqueous
alkaline medium in the presence of water-soluble crown-ethers 57

at 2-38 °C and the reaction system has been kept in the presence
of radical initiators [potassium persulfate, benzoyl peroxide, or
azobis(isobutyronitrile) (AIBN)] at 40-90 °C. The polyacrolein
suspension particles had a diameter of 0.04-6.0 |im and a
variation coefficient of 14% - 1 8 % .

Polystyrene-acrolein suspensions obtained by the emulsifier-
free copolymerisation of acrolein and styrene are more stable.35'58

The copolymerisation was carried out at various proportions of
comonomers in the presence of potassium persulfate at 55 °C for
8 h in an atmosphere of nitrogen.

The copolymerisation rate has been shown to depend on the
molar concentration of acrolein and is optimal at 1:1 molar ratio
between the comonomers. The copolymeric polystyrene-acrolein
particles had an average diameter of 0.25 to 0.30 \an and a
variation coefficient of less than 3%. The concentration of the
aldehyde groups on the surface of these microspheres exhibited
linear dependence on the molar concentration of acrolein and
varied from 0.08 (at 20 mol.% acrolein) to 0.17 omol g~' (at
90 mol.% acrolein).

A similar picture has been observed in the case of the
Y-radiation-induced copolymerisation of acrolein with 2-hydroxy-
ethyl methacrylate (HEMA).36 A mixture of acrolein and HEMA
was dispersed in a 1% aqueous solution of poly vinyl alcohol, then
the emulsion of monomers was rapidly frozen, and the radiation-
induced copolymerisation was carried out at — 78 °C applying a
radiation dose of 1 Mrad over a period of 1 h. The resulting
microspheres were thawed and purified from the remaining
monomer. Depending on the copolymerisation conditions, the
concentration of the comonomers, and the ratio between them,
the copolymeric polyacrolein-2-hydroxyethyl methacrylate
microspheres had a diameter ranging from 0.6 to 4.0 |im and a
narrow PSD.

A method for preparing polymeric microspheres with alde-
hyde groups on the surface by the post-radiation graft polymer-
isation of acrolein from the gaseous phase onto stable polystyrene
or poly(methyl methacrylate) particles of identical sizes serving as
matrices has been described.59

Since the conditions of the synthesis of a polymeric suspension
(PS) influence essentially the properties of the modification
product, the suspension particles obtained both in the presence
and in the absence of an emulsifier have been used as matrices for
the radiation-chemical graft polymerisation of acrolein.

Water-soluble hydroxyethylated poly(propylene glycol)
[PS(F-68)] and di-/>-tolyl-o-alkoxycarbonylphenylmethanol
soluble in the monomer phase [PS(DTC)] were used as surfac-
tants. In all cases, the polymerisation was initiated by potassium
persulfate and conducted until the complete conversion of the
monomers was achieved, which took 24 h. The particles of these
polymeric suspensions proved to be stable in physiological salt
solutions or during storage and had a narrow size distribution and
diameters of 0.2 and 0.45 um, respectively. The resulting
polymeric suspensions were freeze-dried, and the polymer pow-
ders were used as matrices.

To determine the irradiation dose necessary for the graft
copolymerisation of acrolein, the accumulation of radicals in the
supporting polymer was studied by EPR. An irradiation dose of
15 Mrad was chosen at which the radical growth curves flatten
out, i.e. a steady-state concentration of radicals is established.

A study of the sorption of acrolein vapour by the support
particles at various acrolein vapour pressures showed that the
concentration of acrolein in the particles depends appreciably on
the nature of the polymer serving as the support and the surfactant
used.

From the kinetic curves of acrolein sorption on the support
particles, the rate constants for this process have been determined,
and it has been shown that the yield of grafted polyacrolein as a
function of time depends on the nature of the polymer.

An analysis of the IR spectra of the initial polymers and of
those modified by polyacrolein showed that they all exhibit an
absorption band in the region of 1725 cm"1 corresponding to
vibrations of the carbonyl groups in aliphatic aldehydes. An
increase in the degree of polyacrolein grafting on the polymeric
matrix leads to an increase in the intensity of absorption in this
region of the spectrum.

The spectra of polyacrolein-modified polymers contain an
absorption band at 1100 cm"1 corresponding to vibrations of
C —O bonds in acetals. These bonds can be formed either via
polymerisation of acrolein with involvement of the carbonyl
group or due to the interaction of the aldehyde groups existing in
the hydrated form in the polymer produced. The latter is possible,
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because free aldehyde groups exist in equilibrium with the
corresponding hydrated groups, since acrolein polymers, even
being dried in a high vacuum, contain certain amount of water.

To elucidate the manner in which the C - 0 bonds in the
synthesised polymers are produced, the polymers were subjected
to reaction with hydroxylamine hydrochloride. It was suggested
that if thepolymer incorporated free or hydrated aldehyde groups,
this reaction would, yield the corresponding polymeric oxime.
Otherwise, if the C—O bonds are incorporated in the backbone,
this reaction will not occur.

An analysis of the IR spectra showed that the reaction resulted
in a decrease in the absorption intensity not only in the region of
1725 cm"1, but also at 1100 cm"1. The latter indicates that the
C - 0 bonds result from the formation of cyclic acetals, which can
be opened to give free aldehyde groups.

Based on the results obtained by IR spectroscopy, Bastos et
al.59 concluded that the radical polymerisation of acrolein
involves mostly the vinyl group.

The amounts of free and bound CHO groups in polyacrolein
are mainly determined by the conditions in which it is synthesised.

For example, the microspheres prepared by the ionic polymer-
isation of acrolein contain 2.9 mmol of aldehyde per g of micro-
spheres, whereas those obtained by the radical polymerisation, for
example, under the action of a radical redox system contain
12.0 mmol of aldehyde groups per g.

Calculations have shown that polyacrolein-modified micro-
spheres obtained by the emulsifier-free polymerisation, PS(DTC)
microspheres, and microspheres of the MMA-MAA copolymer
contain on their surface 5.39, 4.80, and 9.34 and 8.07 mmol of
aldehyde per g of grafted polyacrolein, respectively. Comparison
of these results with the published data indicates that the content
of aldehyde groups in the microspheres prepared by postradiation
polymerisation of acrolein is twice as high as that in the micro-
spheres prepared under conditions of basic catalysis, even in the
sample with the lowest acrolein content.

Polymeric suspensions with aldehyde groups on the surface
can also be synthesised by dispersion polymerisation of formyl-
styrene in aqueous ethanol using AIBN as the initiator and
polyvinylbenzoic acid as the stabiliser.31-60 The polymerisation
was conducted for 24 h at 70 °C. Depending on the monomer
concentration, the resulting particles had a diameter of 0.5 to
2.0 urn, the variation coefficient was 8%-10%, and the concen-
tration of aldehyde groups on the particle surface was
0.1-0.2 umolg"1.

A method of preparing particles with aldehyde groups on the
surface involving polymerisation of glutaraldehyde has been
reported.38-61-62 Polyglutaraldehyde suspensions are unstable
(especially in strongly alkaline media) and have no apparent
advantages over the suspensions considered above. Therefore,
they have found only a limited application for marking cellular
receptors.

2. Synthesis of polymeric suspensions with chloromethyl
groups on the particle surface
Polymeric suspensions with chloromethyl groups on the particle
surface can be obtained by precipitation30-31>63 or seeded33

polymerisation of chloromethylstyrene and chloromethyl meth-
acrylate. A serious drawback of this method is the high toxicity of
the monomers.

The precipitation polymerisation is induced by AIBN and
conducted in ethanol in the presence of a stabiliser (polyvinyl-
benzoic acid) at 70 °C. Polymeric particles were from 0.5 to
2.0 nm in diameter (depending on the monomer concentration),
with the variation coefficient being about 10%. During storage of
polychloromethyl suspensions, reactive chloromethyl groups are
partially hydrolysed, and, hence, properties of the suspensions
changed.

The polymeric suspensions obtained by the seeded copolymer-
isation of chloromethylstyrene with styrene were more stable on

storage.33 Seed polystyrene particles were obtained by the
dispersion polymerisation of styrene initiated by AIBN
(1 mol I"1) in aqueous ethanol, 1:4 by volume, in the presence
of polyacrylic acid (1 g P1) as a stabiliser. The reaction yielded
seed particles with a diameter of 1.9 um and a variation coefficient
of less than 3%. The polymerisation was conducted for ~ 10 h at
70 °C. After that, the seed latex, styrene, chloromethylstyrene,
and AIBN were mixed in a specified ratio and stirred for 24 h at
0 °C, to allow the particles of seed suspension to swell, and then
the polymerisation was carried out for 24 h at 70 °C.

The resulting suspension particles had a diameter of 2.1 um, a
variation coefficient of less than 3%, and a 'core-shell' structure.
Virtually all the chloromethyl groups were located on the surface
of the suspension particles.

Data concerning the use of styrene-chloromethylstyrene
copolymeric suspensions in immunodiagnostics have been report-
ed.64-65

3. Synthesis of polymeric suspensions with epoxy groups on
the particle surface
Polymeric suspensions, whose particles contain epoxy groups on
the surface, are mostly prepared by the emulsifier-free copoly-
merisation of styrene with glycidyl methacrylate. According to
published data,66"77 the optimal conditions of the styrene copoly-
merisation with glycidyl methacrylate are as follows: ionic
strength of the aqueous phase 0-0.02 mol P 1 , concentration of
potassium persulfate 0.011-0.02 mol P 1 , and overall concentra-
tion of monomers 3.7 x 10~3 mol P 1 . The process is carried out
for 5 -10 h at 65 °C. Under these conditions, microspheres having
an average diameter of 220-400 nm and a variation coefficient of
2 % - 6 % are produced. During the synthesis of styrene-glycidyl
methacrylate copolymeric suspensions some of the epoxy groups
located on the surface of particles are lost due to hydrolysis.
Nevertheless, the number of these groups on the particle surface
remains sufficient for ensuring a required concentration of a
bioligand by its covalent bonding.

To suppress the hydrolysis of epoxy groups during the
synthesis of the suspension, it has been advised that the polymer-
isation be carried out with gradual introduction of the functional
monomer into the polymerising system.39-76 This procedure
makes it possible to obtain particles with a structure of the
'core-shell' type. This is exemplified by the synthesis of particles
containing a copolymer of n-butyl acrylate with butyl methacry-
late as the 'core'. These particles were obtained by the emulsion
copolymerisation of the monomers in the presence of sodium
dodecyl sulfate and a redox system consisting of potassium
persulfate and sodium thiosulfate. The process was carried out at
20 °C for 20 min, after which a mixture of monomers with
glycidyl methacrylate was introduced.

The resulting microspheres had diameters of 150 - 300 nm and
a variation coefficient of < 10%. According to the data obtained
by Schlund et al.,39 under these conditions, up to 90% of the
epoxy groups are preserved and virtually all of them are distrib-
uted within a thin layer (about 150 A) on the surface of the
particles.

4. Synthesis of polymeric suspensions in the presence of
surface active functional initiators and surfactants
The use of polyfunctional initiators and surfactants in the syn-
thesis of polymeric suspensions with narrow PSD to be employed
in immunodiagnostics has been reported. However, the use of
these substances is restricted by their high prices and by the
absence of a technology for their production. Azo-
bis(bromoisocapronitrile) 1 and di(4-chloromethylbenzoyl) per-
oxide 2 can be mentioned among the polyfunctional initiators
which make it possible to obtain reactive functional groups,
capable of forming covalent bonds with biomolecules, on the
surface of suspension particles:78
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Isothiouronium salts, in particular (4-vinylphenyl)methyl-
isothiourea hydrochloride, are used as polyfunctional
emulsifiers.41

CH2=CH-

NHJCI

NH2

The latter compound is a cation-active emulsifier, able to
copolymerise with vinylic monomers. For example, in the pres-
ence of this compound, polystyrene microspheres 0.15—0.19 um
in diameter with a variation coefficient of 2.7%, containing
isothiouronium groups on the surface, have been prepared.
Hydrolysis of these groups under mild conditions (pH 10-11,
25 °C, 10 min) gave mercaptogroups on the particle surface.41 It
was found that the average diameter of particles or their PSD are
almost constant throughout the hydrolysis.

Polymeric suspensions, whose particles contain aldehyde
groups on the surface, can be prepared by modifying other
functional groups. For example, the particles of polystyrene
suspensions obtained in the presence of the polysaccharide
dextran or ammonium glycyrrhizate as a stabiliser contain
carbohydrate groups on the surface.79 The periodate oxidation
under mild conditions leads to the cleavage of the a-glycol groups
and formation of reactive groups that can directly interact with
the amino groups of proteins.

In both cases, the conditions for the synthesis are chosen in
which polymeric suspensions with narrow PSD stable in physio-
logical salt solutions and during storage are formed. The concen-
tration of aldehyde groups on the surface of suspension particles is
in turn determined by the concentration of the stabilising agent
and the oxidation conditions.

5. Synthesis of polymeric suspensions with carboxyl groups
on the particle surface
The main and most studied method for synthesis of polymeric
suspensions with carboxyl groups on the surface of particles is the
copolymerisation of hydrophobic monomers with various unsat-
urated acids (acrylic, methacrylic, itaconic, etc.) in the presence or
in the absence of an emulsifier. The presence of readily dissociat-
ing carboxyl groups imparts an additional stability to the suspen-
sion particles, therefore, these microspheres are resistant to
mechanical action or low temperatures (freezing).11' 80~83

The distribution of the carboxyl groups between the aqueous
phase, the surface, and the bulk of polymeric particles is a rather
important question in the synthesis of carboxyl-containing poly-
meric suspensions. In a study of the emulsifier-free copolymerisa-
tion of styrene with three unsaturated acids possessing different
hydrophilicities, namely, acrylic (AA), methacrylic (MAA), and
itaconic (IA) acid, it has been found 84> 85 that AA concentrates in
the surface area of the particles, the more hydrophobic MAA is
distributed between the bulk of microspheres and their surface,
and the most hydrophilic IA mainly homopolymerises in the
aqueous phase. These features of the distribution of the acrylic
monomers among the phases of an emulsion system determine the
properties of the suspensions obtained.

Similar information has been presented in other papers 86'87

devoted to the study of the distribution of carboxyl groups in the
suspension particles obtained by the copolymerisation of acrylic
monomers with styrene or butadiene. It was found that the
functional groups are distributed between the aqueous phase, the

microsphere surface, and the microsphere bulk in a ratio of 2 :3 :1
in the case of acrylic acid or 0.1:1:1 when methacrylic acid is
used.

Thus, it is obvious that the conventional way of conducting
copolymerisation of hydrophobic monomers with unsaturated
acids affords polymeric suspensions in which functional groups
are distributed among various phases of the polymerisation
system.

The distribution of the carboxyl groups between the surface
and the bulk of the particles can be changed by gradual introduc-
tion of the functional monomer into the reaction system. It has
been shown88> 89 that in the case where itaconic acid is added in the
initial stages of the polymerisation of styrene, only 12% of
itaconic acid units are located on the surface of copolymer
particles, while introducing the acid at the stage where the degree
of styrene conversion has already reached 80% or 95% leads to an
increase in the concentration of the functional monomer on the
surface to 60% or 80%, respectively.

Another method of preparing a polymeric suspension with a
high concentration of a carboxyl-containing comonomer on the
surface of particles consists in the seeded emulsifier-free copoly-
merisation of styrene and butadiene with unsaturated acids (AA,
MAA, or IA),90 with pH of the medium being varied in the course
of the synthesis. In the first stage of the process carried out at low
pH, all the components (including the acid), but only a portion of
the main monomers, are added to the reaction system. Then the
pH of the seed latex is increased, and, consequently, the carboxyl
groups located near the surface of particles are ionised. In the
second stage, seeded copolymerisation of the rest of the monomers
is carried out.

Some authors believe that the concentration of carboxyl
groups on the surface of polymeric microspheres can be increased
by heating the suspension at high pH values, which ensures the
migration of the ionised carboxyl groups from the particle bulk to
the interface with the aqueous phase (see, for example, the paper
by Okubo et al.91).

The presence of MAA or AA in the monomeric mixture leads
to the formation of emulsions characterised by a higher dispersity
than emulsions of hydrophobic monomers, due to a lower inter-
facial tension (an). A study carried out by Okubo et al.92 has
shown that MAA, present at a concentration of 2% with respect
to styrene, diminishes the surface tension at the interface between
a styrene solution of MAA and water to 22 mN nT1 . A dispersion
analysis of styrene-methacrylate emulsions obtained with MAA
concentrations being 0.2% or 3.0% with respect to styrene
showed that in the former case, the emulsion of the monomers
consists of drops, whose size is 1 - 5 urn, and in the latter case, the
size of the drops varies from 0.2 to 1.0 um.

The dispersity of the initial monomer emulsion influences the
size distribution of the polymer-monomeric particles (PMP). In
fact, the copolymerisation of styrene with MAA, induced by
potassium persulfate and carried out at an MAA concentration
in an emulsion of 0.2% with respect to styrene gives a polymeric
suspension, in which 90% of the particles have an average
diameter of 0.6 urn, while in the case where the MAA concentra-
tion is 3% with respect to styrene, 85% of the particles have an
average diameter of 0.3 um. When copolymerisation of styrene
with MAA is carried out under the same conditions, but in the
presence di-p-tolylalkoxycarbonylphenylmethanol (DTC), which
is a water-insoluble stabiliser, polymeric suspensions with a
narrower distribution of the particles of the same size were
formed. These suspensions were stable in physiological salt
solutions or on six-months storage.

Functional microspheres with carboxyl groups on the surface
can also be synthesised by the polymerisation or copolymerisation
of surface active monomers,93"103 for example, sodium acrylami-
dostearate 3 93 or salts of vinylalkylcarboxylic acids 4,78 or surface
active initiators, such as 5,5'-azobis-5-cyanopentanoic acid 5.78
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CH3(CH2)8—CH—(CH2)7COONa

CH 2 =CHCNH 3

O

CH2=CH—CnH2 n— COONa

CN

:H2)3CH—N=HOOC(CH2)3

5

However, these compounds have not found wide application
owing to their high costs.

A new interesting method of synthesis of polymeric suspen-
sions with carboxyl groups on the particle surface is the polymer-
isation of styrene in the presence of water-insoluble surfactants,
whose molecules incorporate carboxyl groups. These are, for
example, DTC, oligomeric peroxy esters,94 and a-(ethoxycarbo-
nyl)-co-(trimethylsilyloxy)polydimethylsiloxane(PDS).95

In the papers considered above,94-95 a hypothesis was put
forward that the PMP are formed from drops of the monomer and
that their structure is similar to that observed in the 'core-shell'
type particles, whose shell is a surfactant displaced by the polymer
to the interface. It was shown that the strength of the interfacial
layer depends on the molecular mass of the resulting polymer, the
concentration of the initiator (in this particular case, potassium
persulfate), and the concentration of the surfactant.95

The particle size distribution of particles in polymeric suspen-
sions obtained in the presence of water-insoluble surfactants are
much narrower than those observed in the presence of water-
soluble surfactants. First of all, this precludes the possibility of the
formation of PMP from emulsifier micelles or globules of
surfactant molecules in the aqueous phase of the emulsion.

Polystyrene, poly(methyl methacrylate), polychloroprene,
and polystyrene-methacrylate suspensions with narrow particle
size distributions have been obtained in the presence of water-
insoluble surfactants. For example, polystyrene microspheres
with diameters varying from 0.2 to 0.9 urn and the content of
dry substance from 8% to 33% were prepared at surfactant and
potassium persulfate concentrations of 1 % - 4 % and 0.5% -1.0%
with respect to styrene, respectively. These polymeric suspensions
exhibited high stabilities in physiological salt solutions during
storage and have found wide application in immunochemical
studies.96

6. Synthesis of polymeric suspensions with amide groups on
the surface of particles
Amide-containing polymeric suspensions are synthesised most
frequently by emulsifier-free copolymerisation of styrene with
amides of acrylic or methacrylic acid.2-25-104~106

The emulsifier-free copolymerisation of styrene with acryl-
amide (AAm, 0.1% —0.5% with respect to styrene) at pH 9 has
been studied most comprehensively.106 Three stages can be
distinguished in the copolymerisation process: (1) copolymerisa-
tion of the monomers in the aqueous phase yielding oligomers; (2)
polymerisation of styrene within the particles formed by these
oligomers; (3) copolymerisation of AAm with styrene dissolved in
the aqueous phase.

Special attention in the studies of styrene copolymerisation
with AAm is paid to the distribution of amide groups between the
aqueous and polymeric phases (owing to the high hydrophilicity
of AAm, the aqueous phase always contains a substantial quantity
of the water-soluble homopolymer).107-108 The particle diameters
in the resulting polymeric suspensions vary from 0.2 to 0.5 urn,
and the variation coefficient is less than 3%.

7. Synthesis of polymeric suspensions with hydroxyl groups
on the particle surface
Polymeric suspensions with hydroxyl groups on the particle
surface are synthesised by the emulsifier-free copolymerisation of

styrene with HEMA or 2-hydroxyethyl acrylate.106"108 An
essential feature of these monomers is the absence of ionising
groups in their molecules, which allows one to change hydrophilic
properties of the surface of the polymeric microspheres without
changing its charge. This is particularly convenient for selecting
the optimal conditions for binding biomolecules.109"111

Polymeric microspheres with high concentrations of surface
functional groups are obtained by seeded copolymerisation with
gradual introduction of a mixture of styrene and HEMA taken in
a certain ratio.112"114 The polystyrene particles with diameters of
0.3-0.9 um and a narrow PSD are used as the seed suspension.
Polymeric suspensions with a particle size of 0.6-1.1 um and a
polydispersity coefficient of 1.0003 -1.0006 are obtained in this
way.

8. Synthesis of polymeric suspensions with amino groups on
the particle surface
Polymerisation of functional monomers such as aminostyrene,115

2-aminoethyl acrylate, 2-dimethylaminoethyl methacrylate, or
allylamine66 is a rather uncommon method for the synthesis of
amine-containing polymeric suspensions. This is caused by the
high cost of these monomers and by the low stability of the
polymeric microspheres based on them as well as by the fact that a
narrow particle size distribution is difficult to achieve due to the
high hydrophilicity of the monomers.116"124

Amine-containing polymeric suspensions are much more
readily prepared by modifying available suspensions containing
hydroxyl, chloromethyl, amide, or other groups. As an example,
let us consider the synthesis of polymeric suspensions with surface
amino groups by the dispersion catalytic polymerisation of
/7-aminostyrene. The polymerisation of />-aminostyrene is carried
out in the presence of a mineral or organic acid (with pKa below
4.76) and an organic solvent (10%-80% with respect to water),
which is miscible with water and whose dielectric permeability is
lower than that of water.115 This process yields polyaminostyrene
microspheres with diameters varying from 0.6 to 10.0 um and a
narrow particle size distribution.

Polymeric microspheres with diameters of 0.2-3.5 um and
polydispersity coefficients of no more than 1.08 have also been
obtained by dispersion cationic polymerisation of />-aminostyrene
in aqueous methanol at 60 °C with a monomer: water ratio of
1:9, a concentration of cetylpyridinium bromide of 1% with
respect to the monomer, and a catalyst (hydrogen chloride)
concentration of 10% with respect to the monomer.

III. Activation of functional groups on the surface
of particles of a polymeric suspension
The methods for activation of functional groups on the surface of
particles of a polymeric suspension considered in this Section are
widely applied in biochemistry and biology, in particular, to
prepare sorbents for affinity chromatography.89-90 However, to
be suitable for preparing a highly sensitive diagnostic, these
methods should comply with the following requirements:2

— to proceed quantitatively and irreversibly under as mild
conditions as possible;

— not to decrease the stability of suspensions and not to
influence noticeably the particle diameter and PSD;

— to have no influence on the biochemical activity of the
bioligand molecules covalently bound to the functional groups on
the surface of the suspension particles.

1. Methods for the activation of carboxyl groups on the
particle surface
The carboxyl groups on the surface of suspension particles can
react with amino groups of a biopolymer in the presence of water-
soluble carbodiimides (WSC).80 The most frequently used WSC
are 1 -cyclohexyl-3-[2-(Af-methyhnorpholinio)ethyl]carbodiimide
toluenesulfonate 6 and 3-ethyl-l-(3-dimethylaminopropyl)carbo-
diimide hydrochloride 7.
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The activation reaction occurs via the following scheme:

O

(T)—C—OH + R'—N=C=N—R —*~

O NH—R'

—*• (T)—C—O—C=N—R + NH2—P —*~

O O
^ H , 1 1

—*- (V)—C—NH—P + R'NH—C—NHR .

It is carried out at a temperature of 4 -6°C and pH 6-7 for
2 - 4 h in the presence or absence of an inert buffer like
4-(2-hydroxyethyl)piperazin-1 -yl(ethane-2-sulfonic) acid.

One of the advantages of this method for activating functional
groups is its simplicity. However, since protein molecules contain
both carboxyl and amino groups, inter- or intramolecular cross-
linking is possible, which reduces the immunochemical activity of
thebioligand.26'104'125"128

This problem can be solved to a substantial extent by using
two-stage activation: in the first stage, the carboxyl groups are
converted into an active (but stable) form and the microspheres
are separated from the dispersion medium containing the
unchanged components, and in the second stage, the covalent
binding to a biohgand is carried out.

The so-called method of 'activated esters' is among the most
generally used two-stage methods for the activation of functional
groups.2-48'129 In this case, the activation occurs according to the
following scheme:

? N
C—OH + HO—N N N + R '—N=C=N—R

O

C—O— N N + R'—N—C—N—R ;
\ / H H

(1)

NH2—P

L h- C—NH—P + HO— N (2)

Apart from TV-hydroxybenzotriazole, iV,JV-dialkylhydroxyl-
amines and some other compounds can be used. The conditions in
which the first stage of the process is conducted are similar to those
described above for the 'carbodiimide' method. Following the first

stage, the suspension is purified from side products. The second
step proceeds at 4 °C and pH 7-7.5 for 2 - 3 days, and after that,
the obtained diagnostic is completely freed from impurities.

Yet another possible version of two-stage activation is the use
of the Woodward reagent, namely, ./V-ethyl-5-phenylisoxazoline-
3'-sulfonate.130

In this case, the first stage is carried out at pH 8.5 and a
temperature of 3 °C for 3 h, the resulting suspensions with the
activated carboxyl groups on the particle surface are purified from
side products and then bound to bioligands at pH 7 and a
temperature of 5 °C over a period of 3 h.

Common drawbacks of the above methods are their high costs
and the low stabilities during storage of the reagents used, which
makes the process of binding biomolecules to the functional
groups of microspheres poorly reproducible. Moreover, the
biomolecules bound by these methods are arranged near the
surface of polymeric particles, which may result in changes in
their conformations and may decrease their biochemical activity.

Therefore, the method involving the introduction of a spacer
by the reaction of carboxyl groups on suspension particles with
various diamines (1,6-diaminohexane, 1,7-diaminoheptane) has
gained acceptance.47'131 ~133 In the first stage, the carboxyl groups
on the microsphere surface are bound to diamine in the presence
of WSC, and after that the resulting amino groups are activated by
one of the methods described below.

2. Methods for the activation of hydroxyl groups
The 'cyanogen-bromide' method for the activation of hydroxyl
groups consists in their interaction with cyanogen bromide in
strongly alkaline media (pH 10-11) followed by the formation of
bonds with amino groups of protein molecules.134

OCN

,.OCN
+ OH" + BrCN + H2O + Br~ (3)

(4)

C=NH + NH2—P

The first two stages, (3) and (4), proceed at 25 °C over a period
of 15 min, alkaline pH being maintained by the periodical
addition of 2 M sodium hydroxide. Then the suspension is
purified from side products, and stage (5) is carried out in a
0.1 M borate buffer at pH 8.0-8.5 and a temperature of 4 °C for
4 h. The unaffected activated hydroxyl groups are bound by
adding 0.1 M glycine buffer with pH 8.5, and then the suspension
is extensively purified.

This activation method is applicable only to the covalent
binding of biomolecules stable in strongly alkaline media. The
high toxicity of cyanogen bromide and the noticeable aggregation
of polymeric microspheres during binding bioligands to the
functional groups are among the drawbacks of this method.

Activation of hydroxyl groups can be carried out by
using some other reagents such as tosyl chloride,2

2,2,2-trifluoroethanesulfonyl chloride135-136 and carbonyldi-
imidazole.137-138 Overleaf we present the scheme of the activation
of hydroxyl groups by tosyl chloride as an example:
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L)—OH + Cl—S

CH3 + NH2—P

CH3.

A fairly convenient method for the activation of hydroxyl
groups is the oxidation of glycol groups, which can be readily
obtained by the hydrolysis of epoxy-groups or oxidation of double
bonds in polydienes (see below). Microspheres with glycol groups
on the surface are obtained, as has been mentioned above, by the
polymerisation of styrene in the presence of dextrins as functional
surfactants.139 The oxidation is carried out by periodic acid or
periodates at room temperature at neutral pH for 30-60 min in
the dark.50'140'141 Only glycols with primary or secondary
hydroxyl groups enter into this reaction, which involves the
cleavage of the C—C bond yielding two aldehyde groups.

OH OH

H—CH2 + io j H + CH2O + IOJ + H2O

The side products are removed during purification of the
polymeric microspheres.

3. Methods for the activation of amide groups
Although amide groups do not interact directly with protein
molecules, there are a number of methods involving polymer-
analogous transformations that make it possible to convert
amide-containing polymeric suspensions into microspheres with
some other groups that can be easily activated.

For example, the modification of amide groups to hydrazide
groups is widely used.27-46 The reaction occurs at 50-80 °C in
7-10 h according to the following scheme:

O

( T ) - C —NH2 + H2N—NH2 —NH—NH2 .

The hydrazide groups formed in this reaction can be trans-
formed either into the carboxyl groups, which need to be further
activated, or into azide groups, which can directly interact with
biomolecules.

The former process can be accomplished by treating the
hydrazide groups with succinic anhydride.142-143

H2C—C

—NH—NH2 + O

H2C—C

O

; L)-C—NH—NH— C(CH2)2COOH

Azide-containing polymeric suspensions are obtained by
diazotisation in the presence of nitrous acid at a low temperature
(2-5 °C);27 after that, the direct interaction of biomolecules with
azide groups on the microsphere surface is possible (pH 7.0 to 9.5,
duration 4 h).

O O

(T)—C—NH—NH2 + HONO —*~ (E)—C—N3 + H2O

O O

[LJ—C—N3 + NH2—P —»- {hj— C—NH—P + HN3

It should be noted that hydrazide groups can be activated by
virtue of the same methods as amino groups.

Another possible way of modification of amide-containing
polymeric suspensions is the transformation of amide groups into
primary amino groups under the action of sodium hypochlorite in
an alkaline medium (the Hoffmann reaction139-140). The factors
influencing the course of this process have been studied.143-144

It was shown that, apart from the transformation of amide
groups into amino groups, hydrolysis yielding carboxyl groups
occurs to a substantial extent, the degree of hydrolysis increas-
ing with increase in the temperature and decrease in the
NaOCl: polyamide ratio. The following optimal conditions
under which the maximum quantity of amino groups is obtained
on the surface of the suspension particles were found: a ratio
between the concentrations of hypochlorite and amide groups of
0.6 to 0.9, a temperature of 5 -10 °C, and a duration of the process
of 1 - 2 h. It was shown that under these conditions, the diameter
of suspension particles or their PSD are virtually unchanged
during modification. This method has been used for the covalent
binding of enzymes to the amide groups located on the particle
surface in acrylamide-styrene copolymeric suspensions (glutar-
aldehyde was used to activate the resulting amino groups).104

The transformation of amide groups into carboxyl groups,
which is frequently required for increasing the stability of micro-
spheres, can be performed by alkaline hydrolysis under mild
conditions (30 °C, 3 -4 h).144 The degree of hydrolysis and,
consequently, the concentration of carboxyl groups on the sur-
face of suspension particles, can vary depending on the duration
of the process, and this allows one to obtain particles with various
concentrations of carboxyl groups on the surface.

Finally, polymeric suspensions with hydroxyl groups on the
surface can be obtained from amide-containing suspensions by
hydroxymethylation. The reaction proceeds for 1 h at 50 °C and
pH S= 12.0. In relation to the emulsifier-free copolymerisation of
styrene and AAm taken in a ratio of 9:1 followed by the
modification of the amide groups to the hydroxyl groups, it has
been shown that this process yields stable monodisperse micro-
spheres 220 nm in diameter containing 4.58 OH groups per nm2 of
the surface of particles.144

4. Methods for the activation of amino groups
Since primary amino groups are highly reactive, polymeric
suspensions containing these groups on the surface of micro-
spheres are readily activated via reactions with various bifunc-
tional compounds.

The most commonly used activation method involves reaction
with glutaraldehyde, which is due to both the ease of conducting
this reaction and the availability of the reagent itself. The primary
amino groups react with glutaraldehyde by the following
scheme:145-146

O
II

HC—(CH2)3— (6)

O CHO O

HC—(CH2)3 — CH=C—(CH2)3— CH2—CH

Q OHC CHO O

HC —(CH2)3 —CH=C—CH2 —C=CH—(CH2)3 —CH
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The activation can be accomplished in one or in two stages.147

According to the one-stage procedure, linking a bioligand to the
amino groups on the particles is carried out in the presence of an
excess of glutaraldehyde. Although this method is rather simple,
appreciable aggregation of polymeric microspheres due to their
cross-linking is observed in the course of activation.

Preference is given to the two-stage activation. The first stage
(6) involves oligomerisation of glutaric aldehyde and the reaction
of the resulting oligomer with the amino groups on the surface of
polymeric microspheres (7). After liberation of the suspension
from side reaction products, covalent binding to bioligands is
performed. The first stage is carried out at 20-25 °C in 0.01 M
phosphate buffer (pH 7.0) for 1 h.24 After removal of the excess of
glutaraldehyde by dialysis (24 h, against a system consisting of
0.01 M phosphate buffer and 0.01 M salt buffer, pH 7.0), the
molecules of a bioligand are bound to the microsphere functional
groups for 5 h at 25 °C. Then the unaffected aldehyde groups on
the microsphere surface are blocked with a 0.1 M solution of
glycine at pH 7.0, and the resulting test-system is purified. This
activation method makes it possible to avoid inter- or intramolec-
ular cross-linking of bioligands and to prevent the functional
microspheres from aggregation.24

Other bifunctional compounds, for example, l,5-difiuoro-2,4-
dinitrobenzene, 4,4'-difluoro-3,3'-dinitrophenyl sulfone, or
2,4-dichloro-6-methoxycarbonylmethyl sulfone, can also be used
in place of glutaraldehyde.148'149 Drawbacks of these methods are
the high costs of the reagents and the prolonged period (4-7 days)
required for covalent binding of functional groups to biomole-
cules.2 However, the properties of the test-systems obtained by
these methods are more reproducible than those of the test-
systems prepared using glutaraldehyde; in the latter case, the
properties of the test-systems are determined by the conditions
and duration of the storage of glutaraldehyde (polymerisation is
possible).

It is noteworthy that one of the possible ways of binding
antibodies and enzymes incorporating polysaccharide residues to
amino groups on the surface of a polymeric suspension is the
treatment of the bioligand itself with periodic acid or periodates,
rather than the activation of the amino groups.104 The oxidation
of the glycol groups of the polysaccharides incorporated in
biomolecules affords reactive aldehyde groups, which can react
with the amino groups on the surface of polymeric microspheres.
The use of this method for binding glucose oxidase and glucose
peroxidase makes it possible to retain up to 40% of their activities
(compared with 10% of the activity retained when other methods,
in particular the carbodiimide method, are used).104

5. Methods for the modification of chloromethyl, epoxy, and
aldehyde groups
In this section we consider polymer-analogous transformations
involving functional groups capable of direct interaction with
bioligands. These reactions are often required either to introduce
an additional spacer group between a polymeric particle and a
biomolecule in order to retain the biological activity of the latter,
or to generate chemical groups on the surface of the suspension
particles, whose reactivity is retained during the preparation and
storage of microspheres (the transformation of epoxy or chloro-
methyl groups into aldehyde groups is an example).

Aldehyde groups are most frequently modified in order to
introduce a spacer. This is achieved by conducting the reaction
with diamines and the subsequent activation of the NH2 groups
with glutaraldehyde. It should be noted that the Schiff s base
resulting from the interaction of a primary amino group with an
aldehyde group and containing a CH = N fragment is unstable at
low pH values. Therefore, it is often reduced to CH2NH with mild
reducing agents like sodium tetrahydroborate (25 °C,
30 min).37-38

Aldehyde-containing suspensions can also be modified using
the reaction of aldehyde groups with amino acids (for example,
with 6-amino-n-caproic acid).35-15° This reaction affords carboxyl
groups on the surface of the polymeric microspheres:

NH2—(CH2)5—COOH

L )—CH=N—(CH 2 ) 5 — COOH
NaBH4

BPK
—NH—(CH2)s—COOH+ N H 2 — P

CH2—NH—(CH2)5—CO—NH—P .

Chloromethyl groups are modified both in order to introduce
a spacer and to suppress hydrolysis, which occurs to a substantial
degree at high pH values.31 In the former case, the same methods
as for aldehyde groups can be applied.28'29'34 The reaction is
carried out in neutral or weakly alkaline media at 30-40 °C for
1-2 h.

Chloromethyl groups are rather reactive and possess pro-
nounced electrophilic properties,32 which makes it possible to
perform various polymer-analogous transformations to impart
additional valuable properties to the functional microspheres,
such as storage stability, hydrophilicity of the surface, etc.151 For
this purpose, chloromethyl groups are most frequently converted
into aldehyde groups. The functional groups located on the
surface of the particles of a polymeric suspension are modified
by treatment with iodates in an aqueous solution of chromic
acid,117-151"153 or by the oxidative alkylation with the sodium salt
of 2-nitropropane.'54 - ' 5 6

In the latter case, sodium methoxide and 2-nitropropane are
gradually added to a poly(styrene-chloromethyl) copolymeric
suspension. The reaction proceeds at room temperature over a
period of 2 h, and after that, the modified copolymeric micro-
spheres are purified from the unchanged components and side
products. It was shown that under these conditions almost all the
chloromethyl groups are oxidised to aldehyde groups, the
modification having virtually no effect on the diameter or PSD
of the resulting polymeric particles. A comparison of the reactiv-
ities of the initial chloromethyl groups and the resulting aldehyde
groups toward human immunoglobulin G has shown that the
latter are better in binding this antibody and provide higher
sensitivity of the diagnostic.

As has already been mentioned, epoxy groups can be hydro-
lysed, especially at low pH values. Therefore, epoxy groups are
subjected to further modification with the aim of obtaining more
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stable groups on the particle surface or to introduce an additional
spacer group.

Owing to the high reactivity of epoxy groups, they participate
in various polymer-analogous transformations.40

For example, the hydrolysis of surface epoxy groups at 50 °C
and pH 2 gives particles with glycol groups, which are readily
converted thereafter into aldehyde groups by treatment with
periodic acid.

O
A

:—OCH2—HC—CH2
H2O

OH
r\ II II
(L)—C—OCH2—CH—CH

. L )—C—OCH2 —CHO

It is noteworthy that up to 60% of the theoretically possible
(based on the concentration of the epoxy groups on the surface of
the suspension particles) number of glycol groups can be obtained
by the hydrolysis, and the particle, diameter, or PSD, virtually do
not change during the process: these are 440 nm and a variation
coefficient of 3.9% for the starting suspension and 475 nm and a
variation coefficient of 5.8% for the modified particles.

The reaction of epoxy groups with ammonium hydroxide
(ammonolysis) occurs even more readily at 20 °C.

O

—OCH2—HC—

o

NH^OH

OH NH2

- > II II
L >-C—OCH2 —CH—Ci

:H2
IOJ

—*• (LJ—C—OCH2—CHO

Epoxy groups on the surface of suspension particles can be
converted into thiol groups by the reaction with an aqueous
solution of hydrogen sulfide, which proceeds under mild condi-
tions (20 °C, 2 - 4 h).

O

—OCH2—HC—CH2
 H2S >

O OH SH

r\ II ' I
- (Lj-C—OCH2— CH—CH2

However, in this case, it was noted that the modified particles
undergo substantial agglomeration (variation coefficient 15.5%).

Epoxy groups on a microsphere surface can also be modified
by introducing a spacer via the reaction with diamines or amino-
acids (see above).

6. Methods for the preparation of polystyrene suspensions
with a narrow particle-size distribution containing functional
groups on the particle surface
Polystyrene suspensions have found the most extensive applica-
tion in immunodiagnostic studies. This is caused by the fact that
polymerisation of styrene has been most thoroughly studied and it
is easy to obtain microspheres with the required diameter and a
narrow PSD.3"5-157~175 Here, it is expedient to consider methods
for the synthesis of functional polystyrene suspensions consisting
of particles with a specified diameter and a narrow PSD.

Polystyrene microspheres with hydroxyl groups on the surface
are obtained in two stages: the first stage involves emulsifier-free

polymerisation of styrene initiated by potassium persulfate giving
monodisperse suspensions, whose particles contain sulfate groups
on the surface and which are stable in physiological salt solutions.
In the second stage, the sulfate groups are converted into hydroxyl
groups by the hydrolysis in alkaline media (pH 9-10, 50-70 °C,
2 -5 h).176>177 The resulting hydroxyl groups can be either
modified further by virtue of the cyanogen-bromide method or
oxidised in the presence of Ag+ ions (50 °C, 5 h ) u l to carboxyl
groups, which are then activated. It should be noted that the
hydrolysis of ionogenic sulfate groups to yield non-dissociating
hydroxyl groups is accompanied by a sharp reduction in the
stability of the modified microspheres due to the decrease in the
electrostatic repulsion between the particles. Therefore, to prevent
coagulation, non-hydrolysing sulfonate groups should be intro-
duced.32- 175-178

The preparation of polystyrene particles with amino groups
on the surface is an even more complex and cumbersome
procedure.179-18°

+ HNO3 -NO2

OH-

(8)

(9)Na2S2O4

NH2

The first stage [reaction (8)] is carried out in glacial acetic acid
at room temperature for 4 h, concentrated nitric acid being
gradually added to the reaction mixture. The polymeric particles
are then separated from the nitrating reagent by decantation and
washed. The second stage (9) is carried out in ethanol; it involves
the treatment with sodium dithionite at 40 °C for 2 h. The
resulting polystyrene microspheres with amino groups on the
surface can be activated thereafter by any of the procedures
considered above. It is obvious that to be subjected to all the
stages of the process, polystyrene suspensions should meet very
stringent requirements for their stability, therefore, the above way
of modification is applicable only to particles with cross-linked
structures (copolymer of styrene with 2 % - 5 % divinylbenzene)
and diameters of no less than 0.8 nm (they can be redispersed
fairly easily).2

An original method for binding bioligands to polystyrene
microspheres has been suggested by Berge et al.138 This method
makes it possible to avoid any chemical effect on the surface of
polystyrene particles and thus to maintain their stability. The first
step of this process involves the adsorption of bovine serum
albumin (BSA) onto polystyrene particles of a specified diameter
with a narrow PSD; then the suspension is treated with a
bifunctional compound (glutaraldehyde, diethyl adipinimidate,
etc.) for the cross-linking of protein molecules and their fixation
on the microsphere surface. After that, further binding of
biomolecules is possible via amino or carboxyl groups of BSA.

7. Methods for the activation of polydiene microspheres
The main characteristic feature of polydiene microspheres is the
presence of double bonds, which can undergo further
modification.139-140 However, good film-forming ability of diene
polymers is responsible for the low stability of microspheres
during their purification by ultrafiltration, microfiltration, or
centrifugation.2 Therefore, the functional polymeric suspensions
are synthesised by copolymerisation of dienes (butadiene, iso-
prene, etc.) with various proportions of styrene.

A possible method of introducing hydroxyl groups into
polydiene-styrene microspheres (for example, polyisoprene-sty-
rene microspheres) is the oxidation of the double bonds of the
polydiene by such oxidising reagents as potassium permanganate



Synthesis of monodisperse functional polymeric microspheres for immunoassay 177

or hydrogen peroxide.181-187 The oxidation proceeds under mild
conditions (pH 3-7 , 5-10 °C, 30 min). The resulting glycol
groups can be subjected to further activation.

The oxidation of the polybutadiene or polyisoprene double
bonds to epoxy groups by their interaction with peracetic acid at
reduced temperatures is of great interest.188'189 It was shown that
the rate and degree of epoxidation depend to a substantial extent
on the polymer content in the suspension and on the concentration
of peracetic acid, and does not depend on the nature of the
surfactant present in the reaction system, the size of polymeric
particles, or the rate of stirring. The following optimal conditions
of the oxidation were found: a concentration of the polymer in the
suspension of 15%-30%, a concentration of peracetic acid of
2 % - 3 % , and a duration of the reaction of 2 - 3 h. Data on
epoxidation of unsaturated polymers with a mixture of hydrogen
peroxide and formic acid has also been reported.189

Regarding the modification of polydiene microspheres, the
use of thio-compounds containing mercapto groups which readily
react with double bonds of polydiene microspheres, is of consider-
able interest. Thioglycols or thioamines are known190 to be used
for enhancing plastic properties of polybutadiene rubbers. In this
respect, attention is attracted by the possibility of modifying
polydiene microspheres by thiol compounds containing various
functional groups, for example, by sulfur-containing amino acids.
The modification of an artificial dispersion of SKI-3 polyisoprene
by sulfur-containing amino acids has been reported.191 It was
shown that amino acids such as cystine or cysteine, due to the
presence of reactive disulfide and mercapto groups in their
molecules, are capable of direct binding to partially polarised
double bonds of 1,4-c«-polyisoprene, which occurs by an ionic
mechanism.

NH2

HOOC—CH—CH2—S

HOOC—CH—CH2—S

NH2

|OH-

NH2

HOOC—CH—CH2—S +

HOOC—CH—CH 2 —S-

NH2

HOOC—CH—CH2 —SH

JOH-

NH2

HOOC—CH—CH2—S~

NH2

\

~CH2 — C = C H — C H 2 -

CH3

~CH2—C—CH—

CH,

CH—NH2

COOH

CH3

~CH2—C—CH—C

CH2

CH—

COOH

The preparation of polymeric suspensions with amino groups
on the particle surface with the aid of modification with sulfur-
containing amino acids has been reported by Gritskova et al.192

They suggested a method for synthesising modified suspensions
that consisted of three independent stages: the first stage involved
the synthesis of seed polystyrene particles with a specified
diameter and a narrow PSD, the second stage was the seed

polymerisation of isoprene, ensuring a high concentration of
polyisoprene units on the surface of the particles, and in the
third stage, the resulting isoprene-styrene polymeric suspensions
having the 'core-shell' structure were modified by cysteine.

If all the stages of this process are conducted under controlled
conditions, it is possible to obtain polymeric suspensions with
diameter of particles varying over a wide range (0.1-2.0 um), a
narrow PSD ( l % - 5 % ) , and a high concentration of amino
groups on the particle surface.

It was shown that by varying conditions in which modification
is carried out, one can control the properties of the suspensions
obtained, which is particularly significant for choosing the
optimal conditions for the immobilisation of protein molecules
and for further application of modified suspensions in immuno-
diagnostics.

Thus, the data considered above indicate that the main stage in the
synthesis of functional polymeric suspensions suitable for immu-
nodiagnostic studies is the heterophase polymerisation. The
choice of polymerisation conditions determines the stability of
the suspensions, the particle diameter, and their size distribution.
Functional groups on the surface of microspheres can be obtained
either during the synthesis or by modifying the resulting polymeric
suspensions.

Despite the fact that numerous methods for the synthesis of
functional suspensions have been suggested, studies in this field
are being intensely carried out.193"218 The purpose of the studies is
to find conditions of a technologically facile method for preparing
suspensions with the use of available reagents.

The work was carried out with financial support
from the Russian Fundamental Research Fund (Grant
No. 94-03-08987).
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Abstract. The present review covers studies published over the past
15 years on the electrochemistry of hydride-forming intermetallic
compounds (IMQ and alloys. Data on the discharge capacity and
stability of electrode materials based on IMC and AB, AB2, AB3

and ABs type alloys and their substituted derivatives during
potential cycling are classified and generalised. The problems
concerning the optimisation of the elemental composition of IMC
and alloys, their production and activation as well as the reasons
for the degradation of electrodes based on these materials are
discussed. The mathematical models suggested for describing the
processes of discharge and degradation of metal hydride
electrodes are analysed. The bibliography includes 149 references.

I. Introduction
It was found in the 1960s that a series of intermetallic compounds
(IMQ possess the unique capability to absorb reversibly an
anomalously large amount of hydrogen (up to 1.5%-2%)f at
moderate pressures and temperatures.1 This led to the appearance
of several new fields of scientific investigations directly related to
the solution of problems of hydrogen energetics and technology.
The results of these studies show the possibility of developing
methods, new in principle, for the preparation, storage,
purification, compression and application of hydrogen in differ-
ent technological processes and energy-transforming systems.1-2

The present review deals with electrode materials based on
hydride-forming IMC and alloys with a high sorption capacity for
hydrogen. These materials are primarily intended for use in
nickel-metal hydride batteries. Palladium was the first hydride-

t The content of hydrogen in these materials (v/v) is 1.5 to 2 times higher
than in liquid hydrogen.
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forming element to attract the particular attention of electro-
chemists after studies by Nilen3 and Frumkin.4-5 Palladium has
since been extensively used as a classical model in hydride
electrochemistry, since processes of hydrogen sorption - desorp-
tion, reversible at ambient temperature but not complicated by
corrosion phenomena, can be implemented only with this
material. The recent commercial use of hydrides was preceded
by extensive studies of a wide range of new materials, which makes
it urgent to analyse and generalise the data obtained to date.

In this review we consider the main aspects of the
electrochemistry of hydride-forming materials that have attracted
most research attention in recent years and that we believe to be of
interest to a wide circle of chemists.

II. Brief history of the discovery and use of
hydride-forming intermetallic compounds
The first studies on the use of hydride-forming IMC as reversible
electrodes carried out by Justi et al.6 for individual compounds of
the T i ^ N i j system, and by Gutjahr et al.7 for a mixture of
intermetallic compounds Ti2Ni-TiNi, have demonstrated, in
principle, the possibility of the cathodic storage of hydrogen
using these IMC.

In 1973, the results of a study on the electrochemical behaviour
of LaNis were reported.8 This compound was found to have a
discharge capacity of 200 mAhg"1 , which, however, was much
lower than the value expected from the pressure - composition
isotherm for the LaNis-H2 system (360 mAhg"1). In 1975, the
first battery with LaNis as a metal hydride cathode was patented.9

During the following years, the main attention of researchers
was devoted to increasing the electrochemical capacity of metal
hydride (MH) electrodes and to decreasing the loss of capacity in
storage (self-discharge). With this purpose, IMC of the LaNis type
with partial replacement of lanthanum and nickel by other metals,
whose electrochemical charging results in hydride phases with
lower equilibrium dissociation pressures, have been studied.10"12

It was found that the main difficulty in the use of such IMC as
TiNi,Ti2Ni, LaNis, MmNis (Mm is 'mischmetalF, i.e., a technical
mixture of rare-earth metals) and their substituted derivatives as
MH electrodes in batteries was the low stability of the IMC under
electrochemical charge-discharge cycling conditions due to
degradation processes.
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Since the early '80s, studies in the field of MH electrodes have
been directed at increasing the stability of AB5 type IMC under
cycling conditions (requiring the development of multicomponent
alloys maintaining the initial hexagonal structure of the CaCus
type),13 on the one hand, and at the search for electrochemically
new species, i.e., IMC of the AB3 type and the substituted
derivatives,14-15 multicomponent Laves phases of AB2 stoichi-
ometry,16-17 hyperstoichiometric compounds of AB5+X

18-19 and
AB2+j types,17'20"22 IMC in amorphous, nanocrystalline forms
and IMC films.23"26

III. The main types of metal hydride electrodes
The adsorption and desorption of gaseous hydrogen on IMC are
described by P- T- c diagrams, while those on MH electrodes are
described by charge-discharge curves, i.e., plots of electrode
potential versus the quantity of electricity passed (g).

The charging of MH electrodes in alkaline electrolytes occurs
because the electrochemical reduction of water gives hydrogen,
which is then absorbed by the IMC. During discharge, hydrogen
diffuses from the bulk of the IMC to the electrode surface and is
oxidised. The electrochemical adsorption-desorption of hydro-
gen by AB, compounds can therefore be represented by the
following general equation:

ABX ye yOH

A charge of one electron corresponds to each absorbed
hydrogen atom, and the charge - discharge capacity ( Q per unit
mass (m) is determined by the equation:

The charge-discharge curves used for the determination of
the full hydrogen capacity of electrodes (Ceq) should be recorded
under equilibrium conditions, i.e., at very low charge or discharge
currents. In practice, after passing a certain amount of electricity,
it is necessary to disconnect the circuit and record the currentless
(equilibrium) potential, and then plot graphically the dependence
of the amount of electricity passed on the currentless potential.
This procedure makes it possible to avoid errors related to the
retardation of hydrogen diffusion into the bulk of the electrode and
of other steps. In most studies, the full capacity values (C°) were
obtained under nonequilibrium conditions: first, the capacity was
determined at high discharge currents (Ch), then the current was
diminished (usually, tenfold), and the capacity was determined at
low current {C\\ The full capacity is calculated as Ch + Q.

The equilibrium potential of an MH electrode is related to the
equilibrium pressure in the adsorption and desorption of hydrogen
(PH-,) by the Nernst equation

RT
(1)

where Ex is the potential of the MH electrode relative to the
reversible hydrogen electrode in the same solution. Thus, the
equilibrium hydrogen pressure over the hydride phase that
characterises the stability of the latter can be calculated from
the potential corresponding to a plateau on equilibrium charge -
discharge curves. The main requirements that should be met by
MH electrodes used in current sources are high discharge capacity
and cyclic stability during electrochemical charge and discharge,
S(N)

s(N) = -

where C{N) in the discharge capacity at the Mh cycle.

(2)

Table 1 presents the currently available literature data on the
studies of IMC and various alloys, i.e., AB, AB2, AB3, AB5 and
their substituted derivatives, as MH electrodes.

1. LaNis and its substituted derivatives
LaNis is an intermetallic compound which has been the most
frequently studied electrochemically as an MH electrode. It is
characterised by a high discharge capacity (in closed electro-
chemical cells), electrocatalytic activity and corrosion resistance in
alkaline electrolytes. However, despite all of these advantages,
LaNis has a significant drawback, viz. low cyclic charge
- discharge stability due to degradation processes, the mechanism
of which will be considered below.

The partial replacement of Ni in LaNis by Mn, Cu, Cr, Al or
Co, which have higher atomic radii than that of nickel, enables the
synthesis of IMC with lower equilibrium dissociation pressures of
the hydride phases (< 0.098 MPa) with retention of the hexagonal
type of the lattice. For example, the replacement of one nickel
atom by one aluminium atom decreases pH , by almost three orders
of magnitude.27 Hence, MH electrodes based on such IMC have
lower self-discharge due to the desorption of hydrogen as a gas
under atmospheric pressure.

A comparison of S(N) values and relative increases in the unit
cell volume upon hydrogenation (AF/K) showed13-27 that alloys,
the hydrogenation of which results in insignificant volume
increase, have the highest stability. Unfortunately, such alloys
normally have low discharge capacity, while both of these
parameters should be taken into account in the selection of
MH electrode composition.

The considerable increase in the cyclic stability of LaNis when
alloyed with cobalt was first noted by Willems.13 The effect of the
replacement of nickel by cobalt is enhanced when a small amount
of silicon or aluminium is added13'34 due to the formation of a
protective oxide layer on the surface. The presence of this layer,
which hinders hydrogen diffusion into the bulk of the metal,
increases the overvoltage of the electrochemical charge-discharge
of the electrode. The addition of titanium increases the cyclic
stability, but simultaneously decreases markedly the electrochem-
ical capacity, unlike neodymium, which increases this parameter.
According to the data of Sakai and co-workers34, an alloy in
which there is partial replacement of lanthanum by neodymium
and of cobalt by aluminium, viz. Lao.sNdo 2Ni2.5C02.4Alo 1, is the
most suitable MH electrode [C° = 241 mAhg"1 , 5(300) = 85%].

The partial replacement of lanthanum by zirconium and of
nickel by aluminium in LaNis considerably prolongs the operation
time of MH electrodes. The optimum compositions correspond to
the formula La^Zr^Ni^sAlo.s, where x = 0.1 -0.2.37

2. MmNis and its substituted derivatives
The price of industrially manufactured LaNis on the world
market is ~$30 US per kg.39 The cost of MH electrodes can be
reduced considerably if the lanthanum in the IMC is completely or
partly replaced by 'mischmetall'. However, this replacement
increases the dissociation pressure of the hydride phases. For
example, this value is ~1.5 MPa at 298 K for MmNis.40

To decrease the equilibrium pressure over the hydride phase in
MmNis, as in the case of LaNis, it is necessary to partly replace
nickel by such metals as aluminium or manganese.28-41 It was
found that MmNis should be alloyed not only with aluminium or
manganese, but also with cobalt in order to enhance the cyclic
stability of MH electrodes.41-43 It is remarkable that a profound
effect is observed upon replacement of as little as one nickel atom
by a cobalt atom, whereas the optimum replacement number for
LaNis is from 2 to 2.5 nickel atoms. This may be connected with
the presence of Ce in the Mm.

The general criteria for selection of the IMC composition of
the MmNis type are the same as in the case of LaNis, and the
optimum compositions differ only in the quantity of components
added (see Table 1).
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Table 1. The main types of MH electrodes based on hydride-forming intermetallic compounds (IMQ and alloys.

IMC C ° / m A h g - Ref.

LaNis and its substituted derivatives

LaNi5

LaNi4.5Mno.5

LaNi4.5Cuo.5

LaNiisCro.s
LaNi4Cr
LaNis-.vAl.v

x- 0.1 -1.0

LaNis -TCO.V

x= 1.0-3.3

LaNi4.5Fe0.5
LaNi4.9-.iCo.,Alo.

x = 2.5 -3 .0

LaNi2.5C02.4Alo.!

LaNi4.9 _ .vCo.vSio.i

x= 1.0-3.0
LaNi2.5C02.4Sio.!

LaNi2.5C02.4Mno.!

Lao.7Ndo.3Ni2.5C02.4Alo.!

Lao.8Ndo.2Ni2.5C02.4Alo.!

Lao.8Ndo.2Ni2.5C02.4Sio.!

Lao.7Ndo.2Tio.1Ni2.5C02.4Alo.!

Lao.7Nbo.3Ni2.5C02.4Cro.!

Lao.9Zro.1Ni5

Lao.gZro.2Ni5

Lao.9Zro.iNi4.5Alo.5

MmNis and its substituted derivatives

MmNis

MmNi4Al

Mm1.1Ni3.25CoAlo.75
MmNi3.2s(CoMn)i.75
MmNi3.45(CoMnTi) 1.55

Mm(Ni3.6Coo.7Alo.3Mno.4)o.92
MmNi4.49Coo.1Alo.205Mno.205
MmNi4.2Mo0.6Alo.2
MmNi3.7Alo.5Feo.7Cuo.i

3.5<x<4.3;0.2<a<1.2;
0.15 < b <0.85; 0.05 < c <0.5

350-372
250-275
318
315
220
250
260-270
342-373
286
174; 280
355-185

372-273

230
244-264
320
365-289

231
270
350-280

230
244
270
302
293
241
293
280
178
175
254
186
137
140
300-350
280
271
254
267

170
350
214;280
300
200-300
240; 200;
183; 250
220
220
300

240
210
330

220

250-300

156

12-15(400)
26(150)
17(150)
40-60(100)
31 (150)
36(150)
27(150)
16(400)
41 (150)
67(150)
16 (400) (x = 0.1)
56 (150) (x = 0.5)
100(150)(x=l)
25-64(400)

90(150)
57(300)
40(200)
30-94(400)

83(300)

33-96(400)

76(300)

48(400)
87(400)
85(300)
88(400)
30(1000)
90(300)
94(300)
90(400)

50(440)
50(540)
75(300)
50(580)
50(690)
50(810)
84(265)

30(700)

95 (1000)
92(2000)
65(600)
65(700)
87(540)
77(1000)

80(150)
Reserve of
60 cycles (/V = 60)
Reserve of
200 cycles (N > 200)

12,13,19,28,29
27,91
27
30
27
27
12,27
19,28,29
27
12,27
13,27,28,31
32
27
13

27
33,34
35
13

34
36
13

34
33
36
13
13
34
13
29
34
34
13
33
37
37
38
37
37
37
33

40
41
28,41
41
42
43,44
33,45
41
41
41

46
28
47
48
49

50

33
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Table 1 (continued).

IMC C°/mAhg-' S(N) (%)
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Ref.

Lni_vMvNi5-,.M'v
Ln = La or Mm; M = Ti,Y, Zr, Nb,
Mo, Hf,Ta,Th, Ba, Ca; M' = Si,V, Fe, Co,
Zn, Mg, Ca, Ba, Cu, Mn, Al, Mo, Cr, Sn, Sb

MLo.6Lao.4(NiAlCu)4.2Coo.8
ML—Mm, enriched with La

298

240
259
250-300

100
270
270

200

Hyperstoichiometric IMC of AB(5+.v) type

LaNis.4
LaNi4.2Cu
LaNi44Cu
LaNisCu
LaNi4.9Cuo,5
LaNi4.6Cuo.5
LaNi39Cui.5

360
360
285
198
306
282
281
245
230
230
276
285

Intermetallic compounds of AB3 type and their substituted derivatives

CeNi3_.vCo.v;;c = 0,l,2 160
YNi2.5Mo.5 150-200

M = Ni, Al, Fe, Cr, Cu, Co, Mn

(Ti,Zr)-Ni alloys

LaNi2.4Cu3

Lao.8Ndo.2Ni3C02.4Sio.!

TiNi
Ti2Ni
TiNi + Ti2Ni
Tii-.vZr.vNiv

x = 0.2 - 0.8; y = 0 .5 -1
Tio.6Zro.4Nio.75
Tio.5Zro.5Ni
Tio.5Zro.5Nio.95Cuo.05
Tio.5Zro.5Nio.9Cuo.!
Tio.2Zro.8Ni1.25
ZrNih45
ZrNii.43
ZrNi2

250
250
320
450-250

180-200
180-200
180-200
180-200
180-200
180-200
285
182

Laves phases with AB2 stoichiometry and with hyperstoichiometric composition

TiV3Ni0.56 420
ZrNi2-xV.v 113-345

x = 0.1 -0.8
ZrNi15Vo.5 345

240
300-600

Zr(Nio.67Vo.33)2 218-297
Zr,,6 _ 1.7T12 - i V 2 6 - 5.4Ni4.7 - 2.3 350 - 265

Zr0.9Tio.i(Vo.33Nio.67)2 273
Zr(V0.33Ni0.67)2.4 304-311

200
Zro.9Ti0.i (V0.33Ni0.67)2.4 262 - 264
Zr(V0.33Nio.59Coo.o8)2.4 326
Zr(Vo.33Nio.5Co0.i7)2.4 328
Zr(Vo.33Nio.59Feo.o8)2.4 332
Zr(V0.33Nio.59Mno.os)2.4 363
Zr(Vo.33Nio.5Mno.i7)z4 366
Zro.9Tio.i (V0.33Nio.s9Coo.o8)2.4 314-316
ZrNiL2Mno.8-.vCrv 2 0 0 - 3 0 0

* = 0.2-0.8

Reserve of
300cycles(Af=300)
40(700)
65(200)
Reserve of
160-200cycles(AT= 160-200)

97.5(100)

51

41
52
51-55

36
36
56

25(400)
62(400)
90(400)
98(400)
63(400)
81 (400)
83(400)
89(400)
87(400)
73(400)
84(400)
73(400)

50(120)
50(240)
50(360)
50(630)
50(1200)
50(2230)

60(300)
75(180)

57(100)

57(100)
57(100)

57(100)
57(100)
57(100)
57(100)
57(100)
57(100)
57(100)

36

19
19
19
19
19
19
19
19
19
19
18
18

14
15

6
6
7
60

61
61
61
61
61
61
62
63

64
63

63
59
65
17
16
17
17
21
17
17
17
17
17
17
17
57,58
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Table 1 (continued).

IMC C/mAhg- 1 S(N) (%) Ref.

ZrvNii.2Mno.4Cro.4
>> = 0.8-1.2

ZrNi1.2Mno.5Cro.2Vo.!

ZrNii.2Mno.3Cro.2Vo.3

ZrNii.2Cro.8
Zro.5Tio.5NiV

Zro.5Tio.5Ni1.25Vo.75
Zr0.5Ti0.5Ni1.3V07
Zro.5Tio.5Ni1.5V05

Zro.6Tio.4Ni1.5V05
Zro.5Tio.5Ni1.1Vo.75Feo.15
Zro.5Tio.5NiuVo.75Cro.15

TiNi0.6-0V0.64Mn0.6i - i.2iFeo.i5
Tio.8Zro.2Nio.6Vo.64Mno.6iFeo.15
ZrCr0.8M0.2NiMm0.05

M = V,Mn,Fe,Co
Zr(V-Mn-Ni-Mo)2.4

M = Fe,Cr,Mn
Zro.5Tio.5Vo.75Nii.5
Zr0.9Tio.i(Nio.5iVo.33Coo.o8Mno.o8)2
CeNi2

PrNi2

LaNi2

200

340
360
250
330
350
270
280
250
260
250
210
330
137-160
154
300-370

300
200-300

294
240
81
71
70
61

50(10)
50(120)
28(70)
72(170)
58(140)
88(70)
100(70)

85(1000)

91 (500)
84(500)
100(500)
79(500)

57

57
57
57
57
59
59
59
59
59
59
59
66
67
67
22

20
24

68
21
69
69
69
69

3. Nonstoichiometric intermetallic compounds AB5+A

In the early 1990s, the first reports appeared18'70"73 on the
electrochemical behaviour of hydrogen-absorbing nonstoichio-
metric alloys. It was assumed 72'17> that a portion of the La atoms in
the crystal lattice of LaNis can be replaced by B atoms (one La
atom is replaced by two B atoms) to form a new class of
nonstoichiometric compounds ABX, where x > 5.

The first compounds studied were two-phase.20-74 In addition
to the AB5 phase, they contained a second, electrochemically
highly reactive phase homogeneously distributed at the grain
boundaries of the main alloy. This second phase contained
transition metals; it was difficult to predict its composition,
although it was undoubtedly determined by the thermodynamic
stability of the corresponding compounds.

A detailed study18 of AB5.5 type IMC, such as
Lao.8Ndo.2Ni3C02.4Sio.! and Lao.8Ndo.2Ni2.9Moo.1C02.4Sio.!, using
scanning electron microscopy, optical microscopy, and electron
microanalysis showed that cooling of homogeneous alloys resulted
in the formation of grains of an AB5 type of hydride-forming alloy,
MC03 (in the former case) or M0C03 (in the latter case) being
distributed at the grain boundaries. It is likely that it is the

1.0 -

2 4 6 H/AB*

Figure 1. Phase diagram for Cu-containing AB.^-fh ternary systems.19

presence of these phases that results in a two- to threefold increase
in the exchange current density of the hydrogen evolution reaction,
since, according to the Brewer-Engel75 valence bond theory, the
simultaneous presence of Ni and Co or Mo and Co can cause a
synergistic effect.

Such properties as the capacity and the cycling stability of two-
phase and of the corresponding single-phase systems are similar,
since they are determined by the main alloy. However, the
discharge properties of two-phase systems are significantly better.

Later, single-phase nonstoichiometric alloys were obtained by
the homogenising annealing of La(NiCu).v alloys, where 5 < x ^ 6,
and their electrochemical characteristics were studied.19 It was
found that an increase in x increases the annealing temperature
required for obtaining single-phase samples, decreases the
discharge capacity, and lengthens the activation process.
However, the cyclic stability of electrodes is improved consider-
ably: the residual discharge capacities of LaNi4Cu and LaNi5Cu
after 400 charge-discharge cycles are 16% and 98%, respectively.

Based on measurements of the adsorption isotherms of
gaseous hydrogen, a phase diagram of Cu-containing ABX-H2
ternary systems was plotted (Fig. I).19 The region of coexistence of
a- and |3-hydride phases rapidly narrows as x increases and
completely disappears at a certain 'critical' composition that
approximately corresponds to the formula LaNi4.4Cu. The
isotherm of hydrogen sorption by this compound contains
almost no horizontal plateau corresponding to the a<^p
transition.

4. Intermetallic compounds of AB3 type and their substituted
derivatives
The electrochemical behaviour of the IMC of the composition
AB3 has has so far been studied only for the CeNU-xCox and
YNij-JVk systems, where M = A1, Fe, Co, Cu, Mn and
Cr.i4,i5,76-78 Increase in the cobalt content of CeNi3_xCo.x

increases the thermodynamic stability of the corresponding
hydride phases and decreases the equilibrium dissociation
pressure from 0.5 x 103 Pa for CeNi3 to 0.2 x 103 Pa for



186 O A Petrii, S Ya Vasina, 11 Korobov

CeNiCo2 at 293 K.14 The electrochemical charge-discharge
processes of the IMC of this system follow the equation

H2 .

Because a stable monohydride of the IMC is formed, the
reversible electrochemical capacity of these MH electrodes is lower
than that of LaNis and MmNis electrodes.

The partial replacement of Ni in YM3 by Al, Co, Fe, Mn, Cr,
or Cu has almost no effect on the reversible electrochemical
capacity but increases (except for Cr) the equilibrium dissociation
pressure of the corresponding hydride phases.15

5. Ti - Ni alloys and their substituted derivatives
Ti-Ni alloys were the first materials studied as MH electrodes.6-7

The electrochemical charging capacity of the T12M alloy is
425 mAhg"1 , which corresponds to the formation of the hydride
Ti2NiH2.5. On the other hand, the discharge capacity is
considerably lower (250mAhg~'), i.e. part of the hydrogen
(~ 1 mol) is not available electrochemically. Unlike Ti2Ni, the
intermetallic compound TiNi is a totally reversible electrode
with a discharge capacity of 250mAhg~'.

When equimolar amounts of TiNi and Ti2Ni are present
simultaneously, the reversible electrochemical capacity of the
system increases to 320 mAhg"1 , which corresponds to the
oxidation of ~ 85% of the hydrogen; the final composition of the
system is Ti2NiHo.5 + TiNi. It was assumed7 that the complete
discharge of TiNiH into TiNi with simultaneous partial discharge
of the Ti2NiH2.5 phase occurs in the first step, and then
redistribution of hydrogen between the ^ N i H ^ phase and
TiNi takes place along with its further electrochemical oxida-
tion, i.e. the TiNi phase has a specific 'catalytic' effect on the
completeness of the electrochemical discharge.

The introduction of zirconium to Ti - Ni alloys decreases the
discharge capacity due to the formation of ZrNi and Zr2Ni
intermetallic compounds, which have very low discharge capacity
because of the formation of hydride phases with strongly bound
hydrogen states.60 The capacity of Tio.8Zro.2Ni* alloys is
considerably higher at x > 1. This may be due to the formation
of a hydride phase based on Z^Niio, whose enthalpy of formation
is lower than that of a hydride phase based on ZrNi. An increase in
the zirconium content in the T i - Z r - N i alloy results in a
noticeable increase in the cyclic stability, but a greater number
of activation cycles is then required for attaining the appropriate
discharge capacity.

6. Metal hydride electrodes based on multicomponent Laves
phases
Titanium and zirconium do not form two-component Laves
phases with nickel. These phases can exist only in ternary systems
with partial substitution of nickel for other metals.79

Of two-component alloys with the AB2 stoichiometry, ZrV2,
ZrCr2, ZrMn2, TiCr2, and TiMn2 have attracted most attention.
They are characterised by the high stability of hydride phases that
can be considerably decreased by replacing part of the zirconium
by titanium and of the second metal by iron, cobalt, copper,
nickel, or by addition of a hyperstoichiometric amount of a B-type
element, or by a combination of these methods.

Alloys based on ZrV2 with partial replacement of vanadium by
nickel and of zirconium by titanium were first proposed for use in
MH electrodes in a patent16 and were then studied more
thoroughly by several workers.17-80 It was found that the content
of vanadium and nickel should lie within the limits Zr.
Vo.i-o.6Nii.9_i.4 in order to provide optimum discharge and
cyclic characteristics. The high discharge capacity of hyper-
stoichiometric alloys of the composition Zr(Vo.33Nio.67)2.4
predetermined their choice as a base material for developing
multicomponent MH electrodes with improved characteristics.17

The replacement of 12.5% to 25% of the nickel by manganese
results in an increase in the discharge capacity, which is
~370 mAhg"1 for the Zr(Vo.33Nio.5oMno.i7)2.4 alloy. The partial
replacement of zirconium by titanium decreases the discharge
capacity, whereas the replacement of nickel by cobalt or iron
somewhat increases the discharge capacity. The introduction of a
small amount of aluminium to Z r - V - N i alloys noticeably
increases the cyclic stability of MH electrodes. For example,
the Zr(Vo.33Nio.67)2.4 alloy loses ~ 43% of the original capacity after
100 charge-discharge cycles, whereas the Zr(Vo.33Nio.67)2.4Alx
alloys, where x = 0.05 -0.1, lose as little as 12-15%.

It has been shown57 that the partial replacement of manganese
by vanadium in multicomponent alloys based on a
ZrNii.2Mno.6Cro.2 Laves phase considerably increases the dis-
charge capacity: from 240 mAhg"1 for ZrNii.2Mno.6Cro.2 to
360 mAhg"1 for ZrNi1.2Mno.3Cro.2Vo3.

At present, the number of studies and patents dealing with
MH electrodes based on multicomponent Laves phases of the AB2
stoichiometry approaches that concerning multicomponent alloys
of the AB5 type based on lanthanum or the 'mischmetall' (see
Table 1); this is a result not only of the acceptable exploitation
characteristics of these materials but also of their lower cost.

7. Thin-film, nanocrystalline and amorphous MH electrodes
In the early 1990s, Adachi et al.81 used flash evaporation-
deposition of a LaNis powder onto a support to synthesise a
thin, highly porous film that was stable under conditions of
repeated sorption-desorption of gaseous hydrogen but possessed
poor adhesion and lower sorption capacity than the bulk alloy.

Later, denser thin LaNis and LaNi^sCo^s films were obtained
by high-frequency spraying.82-83 Depending on the nature of the
target and support and on spraying conditions (beam power,
spraying time and support temperature), the films were either
amorphous or crystalline. In the authors'opinion, the absence of a
plateau on the discharge curves in alkaline solutions suggested
that the adsorption of hydrogen gave only a solid solution without
the formation of a new hydride phase.

The discharge characteristics listed in Table 2 for MH
electrodes of this type show that a decrease in the absorption
capacity occurs on passing from bulk alloy to crystalline, and
further to amorphous, film. This can be ascribed to the change in
the distribution of crystallographic cavities suitable for hydrogen
sorption and to an increase in the strength of the crystal lattice in
thin films. The cyclic electrochemical stability of LaNi2.sCo2.5
films was found to be much higher than that of LaNis films. The
stability of films obtained in an atmosphere of hydrogen was
higher than that of films obtained in argon, but their maximum
capacity was twice as low because of the formation of a more
stable protective layer on the surface.

Table 2. Discharge capacity and cyclic stability of powder and film MH
electrodes.83-84

Form

LaNis

Powder
Crystalline film

Amorphous film

Powder
Crystalline film
Amorphous film

a Data from Ref. 84.

C 0 / m A h g - '

320
160
250 a

60
160 a

240
120
80

S{N) (%)

50 (160)
50 (100)
40 (500)
50(15)
60 (500)

50 (400)
75 (500)
75 (200)
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Thin-film LaNis and LaNi2.sCo2.s electrodes are highly active
in the hydrogen evolution reaction, and the exchange currents on
these electrodes are of the same order as those on the
corresponding compact alloys (~ 10~4 A cm"2).83-84

Crystalline and amorphous LaNis films obtained by electron-
beam evaporation of lanthanum and nickel in an ultrahigh
vacuum85 have higher capacity and cyclic stability than the
films obtained by high-frequency spraying.83

It is unlikely that thin films would find practical use, at least in
the near future. However, they are of particular interest in
fundamental studies of hydrogen absorption by IMC and alloys.

It was reported recently that the structure of IMC affects the
characteristics of MH electrodes.23"25 It was found that, as in the
case of thin-film electrodes, the amorphisation of the structure of
a bulk alloy decreases the discharge capacity of the MH
electrodes.24 Of considerable interest are nanocrystalline IMC
obtained by the fusion together of the components.2325 With
LaNis, it was found25 that these electrodes possess higher
discharge capacity, lower equilibrium pressure of hydride
dissociation and higher cyclic stability than macrocrystalline
IMC. This effect of the size of the IMC particles on the
characteristics of hydrogen absorption seems unexpected, since
the solubility of hydrogen in Pd-electrodes has been found to
decrease with increasing dispersity of Pd when particle sizes are
< 10 nm.86"89 When the palladium particles are smaller than

2.5 nm, hydrogen is no longer soluble in them.

IV. The technology of the manufacture and
activation of metal hydride electrodes
The successful application of compact electrode materials requires
their mechanical strength against destruction during charge-
discharge and their corrosion stability in electrolyte solutions to be
ensured. It is also necessary to solve the problems of electrical
conductivity (the contact between the IMC grains), hydrophilicity
(wetting) and porosity (accessibility of the whole bulk of an
electrode material to the electrolyte). Various technological
approaches are used to attain the necessary characteristics.

The mechanical destruction of electrodes due to hydrogen
absorption-desorption is prevented by the use of binders, viz.,
powders of metals (most often Cu, more rarely Ni and Co, and
sometimes Au and Pt) or of polymeric organic compounds such as
polytetrafluoroethylene (PTFE), polyethylene, polyvinyl alcohol,
polystyrene, polyurethane, polyacrylic acid and silicones47-90 or
combinations of metal and polymeric powders.

The fraction of metal binder in electrode materials usually
ranges from 60% to 80%. It has been found for a Cu binder65 that
increasing the mass ratio, alloy: binder, increases the internal
resistance of the electrode material although the discharge
characteristics remain almost unchanged.

The content of a polymeric binder is normally 15%-20%.
Electron microscopic studies14 of electrode materials containing
polymeric binders showed that in these materials the IMC
particles are enclosed in a three-dimensional framework,
which, however, does not form a continuous and uniform film
of the polymeric binder.

The introduction of acetylene black (up to 10%) is also
recommended to improve the electric characteristics of electrode
materials containing a polymeric binder,46-48 and the hydro-
philicity should be controlled by adding hydrophilisers.46

Electrode materials containing metal binders are activated
more readily and have higher capacity and better charge-
discharge reversibility15-33 than electrodes with polymeric bind-
ers. However, in some cases the metal binder can be oxidised at
electrode discharge potentials.

At present, a technological procedure of microcapsulation of
the IMC particles with copper, nickel, cobalt, iron and palladium
is widely used.27-34-52-91"94 The metal coating (up to 20%) is
applied by chemical or electrochemical deposition from solutions
of the corresponding salts. A compact electrode material is then

produced from the microcapsulated IMC powder with the
addition of a polymeric binder (5%-10%). These electrodes
have improved discharge characteristics and longer service
life.52-92

It has been proposed95 to cover the particles of IMC or a
binder (coal, acetylene black) with a polymeric film by adsorption
from a dilute emulsion of, for example, Teflon. The highest
mechanical stability and cycling stability were shown by electrodes
with 'teflonated' coal because an elastic, electrically conducting
coal-Teflon framework provided a good contact between IMC
grains.

A new method for modifying the surface of V - Ti alloys by
sintering them with a nickel powder has been proposed.96 The
VN13 phase formed upon sintering is inert with respect to
hydrogen, but catalytically affects hydrogen absorption
-desorption in alkaline solutions and hence makes it possible
to discharge an MH electrode.

All of the procedures for the manufacture of MH electrodes
involve the introduction of additional components that decrease
the specific capacity of an electrode material; hence, a decrease in
the amount of a binder or the manufacture of binder-free
electrodes are problems of current interest. In this respect, a
noteworthy paper97 reports the manufacture of electrodes that
maintain their shape by the usual rolling of Z r - V - T i - N i - C r
alloys into the active compound without any binders or other
additives, possibly due to unique physicochemical properties of
these alloys.

Of particular interest are MH electrodes of amorphous alloys.
They can be obtained in the form of a ribbon by very fast cooling
of a melt and then used without any additional technological
treatment.47-61-98 However, it is still unclear, for how long the
properties of such materials remain unchanged.

When working with MH electrodes, it is important to obtain
as high a discharge capacity as possible for the IMC used. This
goal is accomplished by activating the electrodes, that is, by
repeating charge - discharge cycles, the number of which depends
on many factors, primarily, on the IMC composition. However, in
most cases the attainable discharge capacity of an MH electrode
remains lower than the sorption capacity of the corresponding
IMC from the gas phase, and in some cases, satisfactory discharge
curves cannot be obtained at all (e.g., for LaCos,84-99 CeCo3,14

YC03,15 and V-Ti.96

The following processes occur during the activation of the
electrode materials: (i) the alloy particles are dispersed during the
absorption-desorption of hydrogen, hence a larger area of fresh,
nonoxidized surface of the material is exposed to the electrolyte;
(ii) the surface oxides are reduced, dissolved, or become
electrically conducting; (iii) a catalytically active metal (e.g.,
nickel) is accumulated on the surface; (iv) the porosity of the
structure increases and access of the electrolyte to an IMC surface
becomes easier.

The latter phenomenon has been investigated in several
studies100-101 by the method of standard porosimetry of the
electrode materials prepared from CeNi3, CeNi2Co and ZrNi with
a polymeric binder, using two measuring liquids, decane and
water.

Fig. 2 presents the integral distribution curves of pore volume
vs. their radii (porograms) in an initial electrode material based on
ZrNi and PTFE and in the same material after prolonged
cathodic polarisation in the region of hydrogen evolution. The
total bulk porosity of a nonactivated Zr - Ni electrode is as low as
~ 13% and is little affected by activation. (For example, activation
increases the total bulk porosity of a CeNi3 electrode (6% - 8%) by
a factor of 2.5 - 3.100) The volume of hydrophilic pores in a Zr-Ni
sample is ~ 50% of the total pore volume; mixed pores occupy a
considerable volume (curve 2'). The pore radii in the materials
analysed varied from 102 to 104 nm and almost did not change
during activation.
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3. Diffusion of the reaction products from the surface of the
electrode

2 3 4 lg(r/nm)

Figure 2. Integral distribution curves of pore volume vs. pore radius for a
nonactivated (1, 1') and activated (2, 2, 3) Z r -Ni electrode plotted by
measuring the evaporation of water (/,2,3) and decane (I1, Z).101

Of particular interest in Fig. 2 is curve 3 obtained by
measuring the evaporation of water from a Zr -Ni electrode
immediately after cathodic polarisation without preliminary
drying. In this case, the porosity is almost the same as that
measured from decane evaporation. It is likely that during
cathodic polarisation, a pressure drop arises in the bulk of the
material due to intense liberation of hydrogen. As a result, the
electrolyte fills even the hydrophobic pores, and this should
increase the effective electrical conductivity of the material.

To decrease the number of activation cycles, IMC powders are
sometimes pretreated with reducing reagents (H3PO2, KBH4)

61> i02

or with solutions of fluorides in order to convert the oxide layer
into a fluoride layer.31-103 An unexpected enhancement of the
activity of Ti - Zr - V - Ni alloys was observed upon their oxidative
treatment with oxygen or after anodic polarisation in an
alkali.17'104 This effect was explained by a change in the structure
of the superficial zirconium oxide: a dense hydrogen-impermeable
layer of a monoclinic modification of ZrO2 is transformed into a
tetragonal, hydrogen-permeable modification.

When T i - Z r - V - N i alloys are treated with a hot concen-
trated solution of alkali (6 M KOH or 10 M NaOH, 65-70 °Q,
activation occurs as a result of the modification of the surface
layer (accumulation of nickel metal) and of the surface cracking
due to the absorption of evolved hydrogen.68

The modification of the surface of MH electrodes with
palladium and cobalt91 facilitates activation by acceleration of
the hydrogen discharge reaction, and the introduction of small
amounts of rare-earth elements (La, Mm, Nd)105 into ZrCrNi
alloys facilitates activation due to the formation of a second,
catalytically more active phase, or to a change in the structure of
the surface layer.

V. Hydrogen evolution reaction on metal hydride
electrodes
The cathodic polarisation of MH electrodes in electrolyte
solutions results in the evolution of gaseous hydrogen along
with the accumulation of dissolved hydrogen in the bulk of the
electrode. The overall cathodic process includes the following
steps.

1. Diffusion (convection) of the reacting species from the bulk
of the solution to the electrode/solution interface

(H2O)b <± (H2O)S (alkaline solution).

The 'b' index refers to the solution bulk, and 's' refers to the
electrode/solution interface.

2. Charge transfer

(OH-)S (OH-) b ,H a d s H i n ,

where Hin indicates an intermediate position of H atoms directly
below the superficial atomic layer of the metal (near-surface
hydrogen).

4. Diffusion of hydrogen into the bulk of the IMC particles

Hin <=* Habs ,

Habs ** Habs(a),

where Habs(a) indicates hydrogen dissolved in the a-phase,

Habs(a) <=* Habs(P) (phase transition),

2Habs(P) *± H2(P),

where H2(P) is hydrogen dissolved in the P-phase.

5. Desorption of adsorbed hydrogen

2 Hads -» H2 (Tafel recombination reaction),

Hads + H2O + e -> H2 + (OH~)S (Heyrovsky reaction).

The problem of finding the slow step in such a complex
process and determining the rates of separate steps is an
independent current problem of electrochemical kinetics and
electrocatalysis which still continues to attract attention.

The activity of MH electrodes in the hydrogen evolution
reaction (HER) is mostly determined by the elemental composi-
tion of the IMC;14-84'106"110 it also depends on the composition
and properties of the electrode material as a whole (in particular,
on the nature and amount of the binder 95.107) and on the methods
for the manufacture and pretreatment of MH electrodes.108-111

The observation of the low overvoltage of hydrogen evolution
onTiNi and LaNis was first made by Miles112 and was confirmed
in several studies,84'106 in which the exchange currents of the HER
on beads of the LaNis and LaCos alloys comparable to those for
palladium113 were observed. The synergistic effect on passing from
pure metals to IMC was rationalised in terms of the sharply
defined changes in the electronic properties of the alloys when
lanthanum, containing 5rf-electrons, is introduced.

The electrocatalytic activity of the HER on various electrode
materials prepared under similar conditions using Cu and PTFE
as binders was the subject of several studies14-107 (Table 3). The
synergistic effect was not observed, i.e., electrodes based on LaNis
and Raney nickel had equal activity. The partial replacement of La
by Mm and of Ni by Co decreased, while alloying the IMC with
Ce increased, the activity of the electrode. The addition of Nb to
LaNis did not result in a noticeable enhancement of its
electrocatalytic activity, whereas the addition of Nb to the TiFe
alloy accelerated the HER by a factor of ~30.110

Table 3. Electrocatalytic activity of MH electrodes in the HER.14'107

IMC Binder -Iog(i0/Acm 2)

Ni
LaNi5

LaNi5

La0.7Nbo.3Ni2.5Co2.4Cro.i
LaNi2.5Co2.5

(H2O)S Hads + (OH-)S (Volmer reaction).

CeCo3

CeCo2Ni
CeCoNi2

CeNi3

PTFE
PTFE
Cu
Cu
Cu
Cu
Cu
Cu
Cu
PTFE
PTFE
PTFE
PTFE

5.0
5.0
5.4
5.4
5.8
5.9
5.9
6.1
6.1
4.6
4.0
3.7
3.2
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The activity of CeNi3_j.Cox electrodes increased14 on
increasing the Ni content of the alloy, and the exchange current
density on CeNi3 was found to be close to that on Pd.

The decrease in activity of LaNis on passing from a PTFE
binder to a Cu binder has not been rationalised.107 This seems to
be partially related to the difficulties in the determination of the
actual electrode surface on which the HER occurs. For example, it
was found for Ni electrodes prepared by different procedures114

that hydrogen overvoltage is simultaneously affected by the
inherent activity of the electrode material and by the change
in the area of the real surface. To separate these effects it is
necessary to compare the results obtained from polarisation
curves and from impedance spectroscopy.

Hydrogen evolution on palladium, its alloys and hydrogen-
sorbing materials occurs according to the Volmer-Tafel scheme.
The overall overvoltage of the reaction {rj) is a sum of overvoltages
of the Volmer reaction {r\{) and theTafel reaction (r/2) determined
from the curves of decay (or rise) of potential after switching off
(or on) the polarising current (r\, ^-curves). The kinetics of hydrogen
evolution on palladium was considered taking several rate-
determining steps into account,115 which made it possible to
describe completely the experimental polarisation >j,log;-curves.

Information on the mechanism and kinetics of the HER in
alkaline solutions on LaNis and Ti-Ni alloys was obtained using
electrodes as thin amorphous films that are more stable
mechanically during hydrogen sorption-desorption than the
corresponding bulk alloys.116 The results of quantitative process-
ing of the rj, /-curves presented in Table 4 showed that hydrogen
evolution on LaNis and Ti-Ni alloys occurs according to the
Volmer - Tafel mechanism with comparable exchange currents of
both steps. The slope of the straight regions on the r\, log i-curves
was 120 my hence, at high r\ the overall reaction rate is determined
by the charge transfer step. The exchange current (to.exp) obtained
by extrapolating the r\, log /-dependence to r\ = 0 differed from
that obtained by the formula

1
- = - h-

11 _

'o 'o,v

where ;'oy and *O,T are the exchange currents of the Volmer and Tafel
reactions, respectively.

Table 4. Kinetic parameters of the HER on various cathodes in 1M NaOH
at 303 K.116

Sample

LaNi5

Ni
Ni (wire)
Nio.nTio.89
Nio.5Tio.5
Nio.76Tio.24

Thickness /A

2000
2000
1000

2000
1500
1500

Exchange current density /uA cm 2

iO.V

3.22
3.86
—

2.46
2.76

'0,T

0.70
0.68

0.93
0.15

*o

0.58
0.57

0.67
0.81

J0,exp

1.7

1.4
0.45
2.1
1.7
2.6

It is evident from Table 4 that the *b,exp values on thin-film
alloys are similar to those on a nickel film and nickel wire as well
as to the values previously obtained on amorphous NiTi.117 Thus,
the electrocatalytic activity of thin-film electrodes studied is
determined by nickel, while synergism between lanthanum and
nickel or titanium and nickel is not observed.

Results supporting the Volmer-Tafel mechanism for the
hydrogen evolution reaction were also obtained for MH elec-
trodes based on LaNis, MmNis, and MmNi3.6Mno.4Alo.3Coo.7
powders.99-118 The ky/ioj value is, for example, ~9 for the
MmNi3.6Mno.4Alo.3Coo.7 system, which suggests a mixed
character for the rate-determining step. The addition of oxides
such as CO2O4 or RuC>2 to an electrode material markedly

accelerates the Volmer reaction and only slightly changes the rate
of the Tafel reaction.

On the whole, however, the problem of the relation between
the activity of IMC and its components with respect to the
hydrogen evolution reaction cannot be regarded as completely
solved. Solution of this problem requires the development of a
procedure for the measurement and consideration of the real
electrode surface area. On the other hand, the gradual change in
the electronic properties of these materials on changing their
composition affords a unique opportunity to reveal the funda-
mental problems of the nature of electrocatalytic activity.

VI. Charge-discharge processes on metal hydride
electrodes
The electrochemical method of saturation of IMC with hydrogen
requires much simpler equipment than that for saturation with
gaseous hydrogen. However, electrochemical saturation at
potentials corresponding to effective pressures above 0.098
MPa ( ^ < 0 V ) cannot be performed under equilibrium
conditions due to concurrent hydrogen evolution. Thus, the
effectiveness of MH electrode charging is determined by the
ratio between the rates of hydrogen diffusion into the bulk of IMC
particles and its desorption into the electrolyte bulk. The driving
force of the sorption process is the difference between the
chemical potentials of hydrogen on the surface, which is
determined by the surface coverage by hydrogen, and in the
bulk, which is determined by the overall fraction of occupied
absorption sites.

Hydrogen sorbed by metals can exist in three different forms,
namely, adsorbed hydrogen, hydrogen in a near-surface layer and
dissolved hydrogen. An equilibrium is established between these
forms. The quantity of near-surface hydrogen does not depend,
while that of adsorbed hydrogen does depend, on the nature of the
surface.119 The sorption of hydrogen can be accompanied by phase
transitions such as the formation of hydride phases (e.g. the a?±p
transition in the case of the Pd electrode). No data are available on
the type of isotherms of hydrogen electrochemical sorption on
IMC, while the sorption isotherms on the Pd electrode differ in the
a, a<±p, and |3 regions.1'120

Under equilibrium conditions, the relation between the
pressure of sorbed hydrogen (pHj) and the electrode potential
is determined by the Nernst equation. At a cathodic polarisation,
the dependence of pu2 on r\ deviates from the Nernst equation and
is determined by the mechanism of hydrogen evolution and the
ratio of exchange currents of its different steps. In the case of the
Volmer-Tafel mechanism, the relation between the hydrogen
pressure at a certain polarisation (p) and that at the equilibrium
potential (p0) depends on the contribution of the overvoltage r\2

for the Tafel step by the equation113

RT p
2F p0

It was found108 that, after cathodic polarisation of a ZrNi
electrode at potentials of hydrogen evolution followed by circuit
disconnection, stationary potentials are established and main-
tained in the region from -0.04 to -0.008 V, depending on the
polarisation potential and the composition of the solution. In
addition, the passage from ^ < -0.1 to the -0.08 to -0.006 V
range resulted in a considerable anodic current, which gradually
decreased over a long period (hundreds of seconds), until
converted into a cathodic current and attained the values
corresponding to the rate of hydrogen evolution at the
corresponding potential. An additional study showed that this
does not result in dissolution of IMC components. The effects
observed are evidently related to prolonged retention of hydrogen
in the bulk of IMC due to hindrance of the recombination step or
interphase transfer of hydrogen.115'121
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The amount of the hydrogen sorbed can be determined by
recording the discharge curves under galvanostatic conditions,
i.e., by measuring the potential versus time at constant /, or under
potentiostatic conditions, by measuring the current versus time at
constant E.

The process of electrochemical discharge involves the
following steps:

(3)

(4)

(5)

MH|b5 tt MH a d s ,

MHLads + OH" T± M + H2O + e,

Each of these can be the rate-determining step under certain
conditions.

Metal hydride electrodes based on IMC and a binder are
porous and differ considerably both from gas-diffusion porous
electrodes136-137 and from liquid-containing porous electrodes.138

Gas-diffusion electrodes contain pores flooded with the electrolyte
and gas-filled pores, through which the gaseous reagent is
transported into the bulk of the electrode to the active catalyst
surface. Porous electrodes made of hydrogen-sorbing IMC do not
require gas porosity. These electrodes differ from liquid-containing
electrodes by the continuous supply of the reagent by diffusion
from inside material particles to their outer surfaces where the
electrochemical reaction occurs. Thus, porous MH electrodes
should be regarded as systems with parameters distributed over
the electrode thickness and over the IMC particle radius (Fig. 3).

Figure 3. A model of a porous hydrogen-sorbing electrode:126 (1) IMC
particles; (2) solution-containing pores; (i) metal current collector;
(/) electrode thickness; (r) radius of an IMC particle.

Several mathematical models have been suggested for the
description of experimental discharge curves. These models can be
divided into two groups: in one group, the models consider
hydrogen diffusion only within IMC particles (along the radius r,
see Fig. 3),31'122"125 while in the other, models also take into
account diffusion across the electrode thickness (along the
coordinate /).'26-127

Pshenichnikov and co-workers122-123 proposed a model for
calculating galvanostatic charge-discharge curves on an isolated
spherical grain of a hydrogen-absorbing metal. Assuming that
potential £ is a single-valued function of the degree of surface
coverage by adsorbed hydrogen, which is related to the hydrogen
concentration in the bulk by the Frumkin isotherm, the authors
took the nonstationary mass transfer in a unit grain into account
and obtained a relation between E and the amount of electricity

Figure 4. A scheme for the variation of the hydrogen concentration in a
spherical particle during discharge:31 (CH) hydrogen concentration in the
P-phase; (c'H) hydrogen concentration at the interface between the ex- and
P-phases.

passed. By adjusting the adsorption equilibrium constant within
this model, they managed to obtain qualitative agreement between
the experimental and calculated data. If one assumes that the
electrode consists of particles with two different radii, charge-
discharge curves with two delays can be obtained. Based on this
model, it was concluded that the total charging and discharging of
a grain are impossible if the diffusion current is commensurate
with the charging current.

It was believed31-124 that the quantity of ionised hydrogen is
proportional to the thickness of the surface a-layer (Fig. 4) and
that the rate of discharge at low discharge currents is determined
by hydrogen diffusion in the a-phase. Under these conditions, the
dependence of the discharge capacity (C) on the discharge current
(/) has the following form:

= C ° | l -

• 0) and ks is the ratewhere C° is the discharge capacity (at / •
constant of the discharge step (5).

At high discharge currents, the rate-determining step is the
electrochemical reaction occurring on the Ni-centres

H(atom) + H2O = H 3O+ + e , (6)

and the dependence of the discharge capacity on the discharge
current acquires the form

(7)

where n is an empirical constant and k6 is the rate constant of
reaction (6).

The model proposed was tested for a LaNi4.7Alo.3 electrode.
The dependences of loglog[l/(l - C/C0)] on log(C/7) con-
tained a break point at currents of ca. 1000 mAg , which
indicated a change in the discharge mechanism. The experimen-
tally determined discharge capacities coincided with those
calculated by equation (7); the k6 value depended on the duration
of the treatment of the electrode surface with a potassium fluoride
solution due to changes in the composition of the surface layer.

The basic feature of yet another model125 is the possibility of
quantitative processing of step (4) as a heterogeneous chemical
reaction. The authors derived equations for hydrogen diffusion in
the bulk of electrodes of various shapes (plate, cylinder, sphere),
which coincide with the equations obtained previously by Bucur et
a l 128,129 w n 0 theoretically described the ionisation of hydrogen
dissolved in a Pd electrode. The concentration of hydrogen in the
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near-surface layer (c^) at low D/l2 (where D is the diffusion
coefficient of hydrogen and / is a parameter determined by the
electrode size) and low discharge currents decreases linearly with
increase in the discharge time (/)• At high D/l2 and/or higher
discharge currents, the cfj value linearly depends on t only within a
narrow time range. In this case, when cfj reaches zero (i.e., the
discharge is effectively finished), the bulk of the electrode still
contains a fraction (f) of the dissolved hydrogen that cannot be
ionised because of the limited rate of hydrogen diffusion. The value

/ = c°D

(where c° is the initial concentration of the dissolved hydrogen)
characterises the effectiveness of discharge. It depends on the
electrode geometry and decreases in the series: plate > cylinder >
sphere.

Based on the theoretically derived equation for the depend-
ence of the electrode potential on t under galvanostatic discharge
conditions, experimental discharge curves for MH electrodes
made of ZrNi2, Zr(Vo.33Nias7>24 and Zr(CrFe)2 were analysed and
the kinetic parameters of steps (3)-(5) were calculated. They were
found to depend not only on the electrode composition but also on
the surface structure or the phase composition of the hydride
phase.

The discharge capacity at low discharge currents is obtained
by subtracting two quantities linearly dependent on the current,
the first one being related to the liming rate of hydrogen diffusion
in the electrode bulk and the other to the limiting rate of hydrogen
transfer from the absorbed to the adsorbed state, from the
equilibrium capacity C,

° ~ aD

where a is a constant depending on the electrode geometry, and k4

is the rate constant of reaction (4). Thus, the linear C,L
dependences observed at low discharge currents are analogous
to those found in a previous study.128

At high discharge currents

C = (C0)2 nD /
bISP\

ISl

where b and c are constants depending on the electrode geometry,
and S is the surface area of the electrode.

The model described above is applicable only when the
chemical potential of hydrogen (/ZH) changes continuously with
changes in the concentration (CH) in the bulk of the electrode; in
particular, this is the case for amorphous films. In the case of
crystalline alloys, for which the /^H,CH-dependences contain a
plateau due to a phase transition, the model describes only single-
phase regions (the starting and terminal regions) of the discharge
curves.

Models based on the macrokinetics of the ionisation of the
dissolved hydrogen in porous MH electrodes have also been
proposed.

A theory was proposed126 that considered a porous planar
electrode of thickness / consisting of spherical IMC particles of
radius r. The joint application Fick's second law and theories of
slow discharge and charge-discharge of the electric double layer
gave a system of equations with four dimensionless parameters
determined by the characteristic times of the following processes:
hydrogen diffusion in a particle; charging of the electric double
layer of a porous electrode; charging of the electric double layer of
a smooth electrode; and reactions of hydrogen ionisation. In the
general case, an analytical solution of this system is difficult;
however, numeric modelling is possible by variation of three
parameters: the diffusion coefficient of hydrogen, the capacity of
the electric double layer and the exchange current density.

By choice of the parameters, one can obtain the distribution
of hydrogen concentration in the bulk of the particle and across the
electrode thickness. When diffusion limitations prevail over ohmic
limitations, the hydrogen distribution in the bulk of the electrode
should play the major role. This dependence can be obtained by
analytical methods.

A model was proposed126 for the description of the discharge
process by comparing the calculated and experimental potentio-
static discharge curves for an MH electrode compressed from a
CeNi3 powder with 20% PTFE. This model is applicable to any
systems containing a phase of a reducible or oxidisable
component; in particular, it was used for describing the
charge - discharge behaviour of porous polyaniline electrodes
under galvanostatic conditions.130

The following drawbacks of the model proposed by Vol'fkovich
et al.126 should be noted: first, electrode charging is complicated by
a phase transition, which can be taken into account formally only
by varying the double layer capacity; second, the step of
interphase transfer of hydrogen (4) is not taken into account.

Another treatment of porous systems has been proposed127 for
a cylindrical electrode consisting of spherical IMC particles. The
model takes into account the diffusion of hydrogen in the bulk of
IMC particles (based on Fick's second law), the charge transfer
and the potential drop in the IMC particles and in the electrolyte
that fills the pores. For the majority of metals the potential drop in
the metal phase is low: cycling of the electrode can decrease the
electrical conductivity of the powder, e.g. due to the oxidation of
the surface or impairment of contacts between the particles.
Because the equations obtained127 are very complex and the
model uses a great number of parameters, it is difficult to apply
this model to the analysis of experimental discharge curves.
Furthermore, it does not permit calculation of the kinetic
parameters of reactions (3) - (5).

Thus, none of the mathematical models proposed for
describing the discharge process is general, since they do not
take into account all the steps of the process. The models assume
that the diffusion coefficient of hydrogen (D) does not depend on
its concentration in the alloy, whereas the existence of this
dependence has been established experimentally.131-132 In addition,
the models proposed do not take into account the specific nature
of the a?±P transition, except for the formal introduction of an
infinitely large capacity corresponding to this transition.126

VII. Corrosion of metal hydride electrodes
One of the main properties of MH electrodes required for their
practical application is a sufficiently high stability during repeated
electrochemical charge - discharge cycles in electrolyte solutions.
As has been noted, the measure of the cyclic stability is the S(N)
value, which is primarily determined by the nature of the IMC and
the binder, the manufacturing method, and the pretreatment of
the electrode.

The high stability of AB5 type IMC containing Al, Si, Ti and
Zr is determined by a superficial oxide film formed during
electrode cycling in alkaline solutions.13' 29,34,37,117,133,134

The addition of manganese to alloys, often used for decreasing
the hydride dissociation pressure, impairs the corrosion stability of
IMC. This is caused by the diffusion of manganese from the bulk to
the surface and degradation of the alloy to give hydroxides of
manganese and rare-earth elements as well as metallic nickel.27-33

The increase in the plasticity of alloys on alloying LaNis with
Co decreases the rate of its dispersal and, as a consequence,
decreases the newly formed surface prone to oxidation, imparting
high stability to the alloy during cycling.135"138

It has been shown that the corrosion stability of the
intermetallic compound LaNU.sMnas produced under diverse
conditions is affected by the disruption of the atomic order within
the same AB5 crystalline system: homogenisation of the structure
increases the stability of the material.30
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The effect of homogenising annealing or rapid cooling on the
cyclic stability of MmNiisCoojAlas is explained43 by the
difference in size of IMC grains formed (~50 urn in the former
case and ~10 um in the latter), assuming that a protective oxide
layer can be formed not only on the particle surface, but also at the
grain boundaries. In the case of the quenched alloy, the cyclic
stability was found experimentally to increase with decreasing
grain size.

The spectrophotometric analysis of 1M NaOH solutions after
prolonged potentiostatic polarisation of YN13 and YC03
electrodes in these solutions showeda that the rate of yttrium
dissolution from the IMC is lower by at least an order of
magnitude than that from the pure metal, even at potentials much
higher than the potential of the anodic boundary for total IMC
dehydrogenation. Nickel and cobalt were found not to pass into
solution over the whole range of potentials studied.

When an IMC of an ABX type contacts an electrolyte,
corrosion can be represented as follows:

ABV- + H2O A(OH)3 + xB [or BO, B(OH)2] + H2. (9)

As a result of this heterogeneous reaction, the amount of the
hydrogen-sorbing compound decreases in proportion to the
specific surface. Thus, the larger the IMC particles, the weaker
should be the trend to decreasing capacity. The validity of this
hypothesis was confirmed for LaNi^Cu electrodes produced
from powders with different specific surfaces.22

As follows from the above considerations, the disintegration of
IMC grains into smaller particles during the charge-discharge
process stimulates corrosion. The comminution of IMC grains is
caused by the coexistence of various hydrides on the surface. These
hydrides increase the volume of the unit cell to different extents; as
a result, mechanical stress appears at the boundaries of hydride
grains, leading to brittleness of the system and to increased local
mobility of metal atoms contained in the IMC.13-29

These concepts were further developed in a study of the effect
of electrode cycling on: the in situ X-ray diffraction spectra; the
hydrogen concentration; the variation of the unit cell volume upon
formation of a- and P-phases (Fp — Fa); the variation of the
overall unit cell volume upon hydride formation (V - Fo); and the
electrode stability (Table 5).19

The ( F p - F J and (V-Vo) values for the LaNi* and
LaNiv_,Cu electrodes decrease with an increase in the non-
stoichiometry of a system, the (Fp - F J value decreasing much
more quickly. The introduction of copper into the alloy primarily
affects the (Fp - Fa) value. The stability of the alloys is determined
by the changes in the volume of the unit cell upon formation of the
P- and a-phases. An increase in (Fp — Fa) enhances mechanical
strain and the desintegration of the alloy particles in agreement
with the results of microscopic studies.

A mathematical model of the degradation of MH electrodes
has been developed 22 based on the assumption that the specific
surface is the main factor determining the rate of particle
oxidation.

Table 5. Stability of MH electrodes and changes in unit cell volume upon
hydride formation.19

Alloy

LaNis
LaNi5 .4

LaNi 4Cu
LaNi4 .2Cu
LaNi4 ,4Cu
LaNisCu

AB.X

ABS

A B 5 4

AB5

AB5.2
AB5.4
AB6

xr-1"
21.5
19.9
17.0
13.2
2.8
0.0

'o (V-Vo)/Vo

22.5
22.0
21.2
19.7
18.2
8.5

S(400),

15
25
16
62
90
98

For spherical particles with initial radii r0, the electrode
capacity after cycling for a period t is

C,1/3 = C,(0)1/3 - / [iC,(0)1 / 3SoMH :o^AB,] ' (10)

where C,(0) is the electrode capacity before cycling, So is the initial
specific surface of the powder, au2o is the activity of water, MABy is
the IMC mass, and k9 is the rate constant of reaction (9). If the
diffusion of the water molecules is not the rate-determining step,
then a linear dependence of C1/* on t should be observed. Such
dependence was obtained for LaNi^Cu electrodes with three
different So values.22 The increase in the slope of the straight lines
correlated well with the size of the alloy particles. All three straight
lines intersected at one point but not at t = 0.

Equation (10) can be transformed into

C, = C,(0)exp(-S0MH,oMAB,0 • (11)

Since t = bN, where b is a proportionality factor, relation (11) is
analogous to the empirical equation13

TV
(12)

where Co is the maximum capacity, C(N) is the capacity in the Nth
cycle, and parameter TV* reflects the rate of capacity decrease and
is regarded as a stability constant. It follows from equations (11)
and (12) that

1

One of the drawbacks of the model is that it does not account
for the dependence of the oxidation rate on the surface state
(oxidised or reduced) and on the potential. In addition, cycling
gradually changes the composition of the surface layer and, hence,
its protective properties.

A model including the changing discharge capacity of MH
electrodes caused during cycling proposed in another study31

simultaneously accounts for the discharge and degradation
processes. During low-current cycling, the decrease in the
capacity over time should obey the following equation:

C(I,N) = C{0,0){\- 1 + C(0,0)*, - 3

- Pexp{-FN)]exp(-KNN), (13)

while during high-current cycling, the following equation is
obeyed:

= C(0,0)<h-exp -
viC(/,0)

I" '-}}• (14)

where C(0,0) is the capacity at the zeroth cycle, / is the discharge
current, N is the number of galvanostatic cycles, kx is the rate
constant of the electrochemical discharge reaction, P is the
fraction of the hydrogenated alloy particles active in the cycling, k
is the rate constant of the MH electrode activation, KN is the factor
of degradation of the capacity of the MH electrode equal to
ScLy2At (Sc is the fraction of corroded specific surface, L is the
number of hydride particles per unit area, y is the rate of hydride
growth, and At is the time of corrosion during each charge-
discharge cycle), vi is the rate of the electrochemical reaction, and n
is an empirical constant.

The dependence of the discharge capacity of untreated and
fluoride-treated LaNLuAlo.s electrodes on the discharge current
and the number of cycles were plotted, the constants were
calculated by use of equations (13) and (14), and three-
dimensional C,/,Af-diagrams were plotted.31 The dependence of
kinetic and corrosion characteristics on the time of treatment of
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the electrodes with fluoride ions was explained by the following
reactions:

La(OH)3 + 3 F - = LaF3 + 3OH";

LaNi4.7Al0.3 + 0.6 K + + 4.5F" =

= LaF3 + O.3K2A1F5 + 4.7Ni°(orNi2 + ),

leading to the accumulation of catalytically active nickel and of
LaF3, which has better protective properties than La(OH)3, on the
surface.

Up to the present, almost no systematic data are available on
the cyclic stability of AB3-type IMC, where A is Ce or Y, and B is
Ni or Co. For MH electrodes based on multicomponent Laves
phases, only the results of electrochemical charge - discharge
cycling tests have been reported (see Table 1). However, the
mechanism and the nature of the accompanying degradation
processes have not been considered, although, because of the
different elemental composition, they would probably differ from
those in the rather well-studied IMC of AB5 type and their
substituted derivatives.139-148

VIII. Conclusion
To date, several countries have set up the production of
nickel-metal hydride accumulators. For example, the number
of such accumulators in Japan is as high as 25% of the number of
nickel-cadmium current sources, and there exists a trend for a
gradual displacement of the latter. This is caused both by
environmental considerations and by the good specific character-
istics of MH-accumulators as well as by the possibility of
manufacturing them without considerable investment and with
almost the same equipment. Along with small-scale MH-
accumulators for portable computers, video cameras and
home electronic appliances, large MH-accumulators are being
developed, in particular, for electric cars.

As has been shown above, the properties of hydride-forming
materials depend very strongly on their composition and change
considerably on adding apparently insignificant quantities of
several elements or on small changes in stoichiometry. For
example, the addition of less than 2 at.% Li149 or a decrease
in the stoichiometric coefficient to 4.5-4.8147 increases the
capacity of the Mm(NiCoAlMn)s electrode with respect to
hydrogen, and the service life of the MH battery reaches 1000
cycles with loss of less than 10% of the initial capacity. Therefore,
the problem of optimising the composition of hydride electrodes is
still of current interest. From the fundamental scientific aspect, a
theoretical analysis of the effect of the composition and of
concentrations of particular components on the sorption proper-
ties of IMC is required. Some approaches to the problem have
been reported; however, they have not been developed and
generalised because primary attention was paid to extensive
empirical studies aiming at the solution of applied problems.

The facts set forth above suggest that active electrochemical
investigations of hydride-forming IMC have in fact led to the
appearance of a new field, i.e., electrochemistry of hydrides. The
particular features of these materials are the strong dependence of
their properties on the amount of hydrogen sorbed and their
specific electrochemical behaviour. Unfortunately, the latter has
been studied insufficiently, although, judging by certain theoret-
ical considerations and preliminary data, one can anticipate that
these materials would have unusually high electrocatalytic activity
and selectivity in electrochemical hydrogenation and reduc-
tion.78- lll.MO-142

A detailed study of the pronounced degradation processes
occuring upon hydrogen sorption can lead to a deeper insight into
the nature of hydrogen embrittlement of materials, which is
particularly important for the prediction of the corrosion
behaviour of certain metals and alloys, for hydride materials
science and electrochemical technology. Possibly cheap hydrogen-
sorbing materials will be found in the future and used as gas-

separating membranes in various systems, including electro-
chemical ones. As yet, such membranes are most frequently
made of palladium and its alloys. It has been found that when
palladium is alloyed with rare-earth metals its properties as a
membrane are improved.143-144 It is not known at present whether
similar membranes can be created using the typical IMC
representatives considered above. The realisation of this possi-
bility would drastically expand the field of use of hydrogen-sorbing
IMC.

Intermetallic compounds sorbing hydrogen are interesting
and promising subjects for revealing the nature of fine interactions
in hydride phases. These investigations performed over a broad
temperature range and using deuterium as a sorbate145-146 show
the most promise. It can be expected that investigations in this
field will lead to the appearance of new concepts in hydride
chemistry.
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Abstract. The published experimental data on the direct gas-phase
oxidation of natural gas (methane) to methanol are surveyed.
The results of kinetic modelling of the process, its mechanism,
and its most characteristic features are considered. Prospects of
the industrial use of the process and the most important directions
for further studies are discussed. The bibliography includes 146
references.

I. Introduction
Direct oxidation of natural gas (methane) to methanol (DMTM)
is a promising way of solving the problem of conversion of natural
gas into more easily transportable fuels and chemicals. This
process can be carried out both in the presence of a heterogeneous
catalyst and under homogeneous conditions. In the latter case,
pressures higher than 50 atm are needed to achieve a sufficiently
high yield of the target products. The extensive literature devoted
to the high-pressure gas-phase oxidation of methane,1"65

including numerous papers published in recent years, makes it
possible to speak of a branch of science dealing with the study of
the chemical fundamentals of this process and having a long-term
task of developing a competitive method for the direct processing
of natural gas.

Since the possibility, in principle, of obtaining valuable
oxygen-containing chemical products (oxygenates) by the direct
oxidation of methane had been established,' ~ 3 it was reported 4 ~ 7

that direct gas-phase oxidation of methane at high pressures can
yield methanol with a high selectivity. Efforts were made to
increase the yields of these products and to develop industrial
processes for their production. As early as 1905, one of the first
patents8 dealing with the catalytic oxidation of methane to
oxygenates (formaldehyde, methanol, formic acid, etc) was
obtained, and in 1929 and 1930 the first catalytic process carried
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out at high pressures was patented.9-10 At present, there are no
operating industrial units for the direct oxidation of natural gas to
methanol; however, during World War II more than one fourth of
the annual output of formaldehyde and methanol in the USA was
produced in this way.11-12

Currently, interest in this process has revived because the role
of natural gas in the world energy balance has increased, because
of the urgent need for environmentally clean motor fuels in
leading industrial countries, and, the publication of experimental
data 66 indicating the possibility of achieving a very high selectivity
in the formation of methanol.65

The problem of partial gas-phase oxidation of methane to
methanol at high pressure has been considered in a number of
reviews, beginning with a monograph20 that summarised
more than fifty years of research on the mechanism of the
oxidation of hydrocarbons and ending with more up-to-date,
though not fully comprehensive, reviews.65"67 A detailed and
competent survey of the studies dealing with the DMTM problem
and published before 1991 is given in a difficultly accessible
publication.68 However, the time is ripe for the analysis of all the
accumulated results in terms of the modern views on the kinetics
of this process in order to identify the most significant lines for
further research.

We shall not consider here the numerous studies dealing with
the oxidation of hydrocarbons at low pressures and with the
catalytic oxidation of methane to methanol and other oxygenates,
particularly since a number of detailed up-to-date reviews devoted
to this problem have been published.69"75 The conclusions
concerning the technological prospects of the direct gas-phase
oxidation made in the present review retain their validity for the
heterogeneous catalytic oxidation of methane, which does not
afford higher yields of valuable oxygen-containing compounds
than the gas-phase oxidation.

II. The current state of natural gas processing
technology
The high strength of the C — H bonds in a molecule of methane,
which is the main component of natural gas, substantially
hampers its use in technological processes. As a rule, these
processes require rather high pressures and temperatures. There-
fore, until recently, only a few processes involved natural gas as a
raw material. The proportions of natural gas used as a raw
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material and a motor fuel in Russia are extremely low
(2.0%-2.5% and 0.5%, respectively).76

Natural gas is used mainly in the production of synthesis gas
or hydrogen. It is the possibility of producing these valuable
intermediate materials that makes natural gas a very important
source of various organic compounds. Among other processes,
the production of chlorinated derivatives of methane, hydrogen
cyanide, and ethyne are noteworthy.77

Liquefiable components of natural gas find much more
extensive applications. At present, approximately 750000 m3 of
liquefied hydrocarbons per day is obtained from natural gas in the
world, which constitutes about 7.3% of the overall world
production of liquid hydrocarbons. In the USA, the gas
condensate and other liquefied components of natural gas
account for 18% of the overall production of liquid hydro-
carbons and 70% of the raw material for the production of
ethene and other basic petro-chemical products. In view of the
current trends in the development of oil and natural gas produc-
tion, liquid components of natural gas will amount to 25% - 30%
of the total quantity of liquid hydrocarbons produced in the USA
by the late 90s.78

Apart from liquefied hydrocarbons, motor fuels, methanol,
and other oxygenates including high-octane components of motor
fuels, are the target products of gas processing. However, at
present there are only a few operating industrial processes in the
world for the conversion of natural gas into motor fuels, based on
its initial transformation into synthesis gas. It is at present the
most advanced technology for producing chemicals from natural
gas. However, optimistic views on the conversion of methane
into synthesis gas and then into methanol or the products of the
Fischer-Tropsch synthesis are difficult to justify, since synthesis
gas can also be obtained from cheaper carbon-containingmaterials.
Moreover, the high cost of these processes and a number of
technological problems do not promote the maintenance of a wide
interest in such conversion.

The uncertainty as regards future sources of petroleum-based
raw materials and the introduction of more severe laws concerning
environmental protection create a real prospect of using the
enormous natural gas resources for producing traditional petro-
chemical products. It would be desirable to learn how to convert
this gas, which is relatively difficult to handle, into a more versatile
raw material. Methanol is the most probable candidate for a raw
material of this kind. Therefore, the preparation and utilization of
methanol is now one of the main aspects of the research in the field
of industrial chemical synthesis.79

Despite the predicted vigorous increase in the consumption of
methanol for the synthesis of tert-buty\ methyl ether and other
ethers, industrial companies still refrain from building new large
plants for the production of methanol. This is mostly caused by
the fear of creating excess capacities and financial stringency.80 In
our opinion, this restraint of the manufacturers is to a large extent
explained by the complexity of the existing technological proc-
esses,81 by their large capital requirements, and by the fact that
they are highly power-consuming and have low profitability; this
results in the obvious disinclination of the manufacturers to risk
large investments, taking into account the possible underemploy-
ment of industrial capacities, as was already the case in
1988-1990. This actually reflects the already existing and clearly
perceptible demand for a change in the basic technological
processes.

At present, substantial efforts are concentrated on the
perfection of technological processes for the catalytic synthesis
of hydrocarbons and alcohols from synthesis gas. However, even a
breakthrough in this field can hardly change the situation
fundamentally, since the energy-consuming steam reforming of
methane to synthesis gas accounts for approximately 75% of the
prime cost in the production of methanol.82 Only an increase in
the degree of conversion of synthesis gas into methanol from the
present-day ~ 2 5 % to a level close to 100%, the abandonment of
the circulation of synthesis gas, and the use of much cheaper air

instead of oxygen, could influence strongly the economic
parameters of the process.83 Therefore, the possibility of
achieving large-scale processes based on natural gas and
competitive with petroleum processing, apparently depends to a
large extent on the success in the development of a technology for
the direct conversion of methane without the prior production
of synthesis gas.

Three promising methods for the direct conversion of natural
gas into chemical products have been outlined:84

(1) direct partial oxidation of natural gas into methanol and
other oxygenates,

(2) oxidative condensation of natural gas to ethane and
ethene,

(3) oxyhydrochlorination of natural gas.
Each of these methods has its own attractive features and their

combination allows the production of a broad range of the most
important chemical intermediate products. Hence, they supple-
ment one another, rather than compete, though at present, the
first route is certainly the most thoroughly developed and is close
to practical implementation.

The development of a profitable process for producing metha-
nol from natural gas would permit the solution of three important
world-wide problems, namely, the problem of transportation, the
problem of providing the chemical industry with a very valuable
intermediate compound, and the problem of the mass production
of environmentally clean high-octane motor fuels.

III. The main experimental data on the direct
high-pressure oxidation of methane
Studies of the high-pressure gas-phase oxidation of methane and
other hydrocarbons, carried out in the 1930s in order to elucidate
the role of alcohols in the mechanism of the oxidation of
hydrocarbons,4"6 which was of fundamental importance in the
scientific views of that time, showed for the first time that alcohols
and aldehydes can be obtained in fairly high yields directly from
alkanes. It was found that methanol is formed also at atmospheric
pressure under conditions including the induction period of the
oxidation reaction.85 Although under these conditions the
selectivity of the formation of methanol in individual stages of
the oxidation of methane can reach 20%, the overall selectivity
apparently does not exceed 5%.8 6 Therefore, high pressure is a
prerequisite for producing methanol by the direct oxidation of
methane.

In fact, the range of conditions necessary for the DMTM to be
accomplished had already been roughly outlined in the 1930s.
They are: high pressures (100-135 atm),4-5-15 moderate tempera-
tures (400-450 °C),14 and low oxygen concentrations.13-14 The
practically attainable selectivity of the formation of methanol (up
to 60%) was determined,4-5 and the main kinetic features of the
process, namely the decrease in the selectivity of the formation of
methanol with increase in the oxygen concentration13- 14 and high
CO/CO2 ratios in the products,3 were identified. Until now, the
main aim of the studies has been to find the conditions that would
permit stable high-output production of valuable compounds in
sufficiently high yields, so that the process under consideration
could compete successfully with other technological processes.
According to estimates,87 this requires that the selectivity of the
formation of methanol (or the sum of organic products) be higher
than 75%. In the majority of studies,4-5 '19 '23-26 '31-39 '40 '46 '48 '60-62

for methane conversions of more than 2%, the selectivity of the
formation of methanol (.SCH,OH) did n o t exceed 50% (Table 1,
Fig. 1). Some workers reported higher values up to
60%-65%2 7-4 5 or even 95%. as.38.41,43,-66 However, an attempt
to reproduce the latter results was unsuccessful,40 and the reasons
for so great a difference are still unclear.

We shall not go into the experimental details of the investiga-
tions considered. As a rule, the researchers, who carried out this
process at very high pressures (thousands of atmospheres),23"26

used static reactors. Later, flow reactors, which are more suitable
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Table 1. The selectivity of the formation of methanol and formaldehyde in the conversion of methane.

P/atm

106.4
50
50

141
141

3500
40
40
40
65
65

100
100
65.3
65.4
40
50
70
20
20
30
30
30
21-41
50
50
50
50

100

77°C

341
430
410
475
475
264
455
461
483
310
410
410-450
410-450
456
456
474-498
425
448
400
440
401
407
447
300-500
350-550
350-550
350-550
350-550
400

[O2] (%)

11.0
3.0
5.0
4.5
8.7
7.9
2.04
3.2
7.2
3.85
7
2.8
4.0
5.1
7.4
2.35-3.14
4.9
3.3
5.0

10.0
2.5
5.0
9.5
1-5
1.5
3
6

12
2.8

a Estimated by the authors.

Conversion of SCH,OH (%)
CH4(%)

2.51
5.30
6.29
2.10
2.90
6.10
7.5

21

8.0
11.0
1.3-2.2

3.9
>4.6
>6.5

3.1
4.5
9.0

22.3
51.0
29.0
45.0
29.6
40.1
59.6
54.4
34.6
95
80
46.0
37.0
83.0
66.5
43.6-52.1
43
67.5

- 3 2
- 3 2

47.0
37.7
23.5

- 3 0
44
32
22
15.5

38-42

SCH2o (%)

0.75
4.1
1.4
3.66
2.48
0.64

17.04
17.0
13.83

9.1
11.1

6.4-13.8

1.8

6.3-7.4

Yield of
CH3OH (%)

1.13
1.57
2.52
1.25
1.58
2.11
6

17
~2 .8 a

~3.4 a

6.6
7.3
0.73-1.0 a

2.56a

1.3-1.5
1.5-1.7
1.9-2.1
0.5-0.8
1.1
1.26
1.8

fr/S

720
5
5

48
48

600
-0.08
-0.08
-0.08

2-1000
2-1000

- 1 "
— la

-150 s

-150"
1.2-2.1

100-300
— 2"

10-100
10-100

3-15
> 10
>10
>10
> 10

-100

Ref.
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5
5
18
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23
27
27
27
28
28
31
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38
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Figure 1. Dependence of the selectivity of the formation of methanol on
the degree of conversion of methane. The symbols correspond to
experimental data and the curve is the calculated plot (P = 100 arm,
T = 420 "C).64 The numerals denote the corresponding references.

for the practical realisation of the process, were mostly used. The
experiments were carried out in broad pressure (1 -230 atm) and
temperature (300-500 °C and higher) ranges, with the reaction
time tt varying from fractions of a second to tens of minutes. More
exotic cases can also be found. For example, the possibility of
using the cylinder of an internal-combustion engine with a high
compression ratio, operated by an electric motor, as a reactor for
the DMTM has been investigated.21

1. The influence of pressure on the yields of the products
of partial oxidation of methane
The high selectivity of the formation of methanol is the main
characteristic feature of the high-pressure oxidation of rich
mixtures of methane with oxygen. Water and formaldehyde are
the two other main liquid products. The reaction always yields
minor quantities of liquids such as ethanol (up to 1.5% -2%) ,
acetone (up to 1%), and formic acid (up to 0.8%) (Table I).62

Small amounts of higher alcohols,29-31>62 aldehydes,31'68 and
organic acids25-29'31-68 have also been detected. When gases with
high concentrations of ethane or other alkanes are oxidised, the
yield of C2-C3 alcohols, aldehydes, and acids may increase
considerably (see Section IV). There is some evidence that the
oxidation of methane also gives methyl formate.23-25 A GC/MS
analysis of the liquid products of the partial oxidation of methane
in a pilot plant31 has shown the presence of minor quantities
(fractions per cent) of dimethyl formal, dimethyl acetal, and
dimethyl ether; however, it was not established whether these
compounds were formed directly in the reaction or resulted from
the interaction of primary liquid products after cooling. In any
case, a special attempt to detect them was unsuccessful.4 Repeated
attempts to find hydrogen peroxide or organic peroxides in the
reaction products have also given no positive results.4-22 Traces of
these products have been found only at atmospheric pressure.88
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Table 2. Side products of the high-pressure gas-phase oxidation of methane.

P/atm T/°C [O2](%) H2 C2H5OH C2H6
b CH3OCH3 CH3COCH3 Ref.

HCOOH CH3CHO C2H4
b CH3COOH H2O2

+ - 4
5

+ 15
+ 18
+ - - 19

+ + - 22
+ + + 25
+ + + - 26

+ a + a + + 29

+ + a + + a + + a 31
+ + 39
+ + + 46

+ + 51
+ + + + 59

+ + a + 6 2
+ + + + + + + 68

a Higher homologues of these compounds have also been detected. b Relates to those cases where the initial gases contain no ethane or ethene or their
concentration in the products is higher than the initial concentration.

48-150
50
135
141-231
172-200
105
100-750
1700-3400
100
100
40
20-50
15-50
21-41
30-230
25-53

335-393
400-430
300-500
350-500
450
350
250-363
270-480
430
410-450
474-498
425-500
384-476
300-500
400
<535

11.0
3.0-5.0
3.0-8.6
2.8-8.7
5.5-6.3
2-8
10
8.0
2.8
2-4
2.35-3.14
3-10
2.5-9.5
1-5
2.8
2.0-4.7

The main gaseous products are carbon oxides and hydrogen,
the yield of carbon monoxide at high pressures being several times
larger than that of the dioxide,62 although carbon dioxide appears
earlier than carbon monoxide.22 The yield of ethane and ethene
increases with increase in temperature.

An increase in pressure intensifies the oxidation of methane by
decreasing its duration or the initial temperature. For example,
the pressure dependence of the delay of the self-ignition of the
8.8:1.2 methane-air mixture in the 60-113 atm range is
described by the relation ti ~ P~l 4 (Fig. 2),22 and the ten-fold
increase in pressure from 5 to 50 atm in a flow reactor leads to the
decrease in temperature corresponding to the complete
conversion of oxygen from 500 to 400 °C40 (Fig. 3). However,
the main consequence of the application of high pressures in the
oxidation of rich methane mixtures is high selectivity of the
formation of methanol. The increase of pressure from 10 to
106 atm increased SCH3OH by a factor of 20,6 and when the
pressure increased from 5 to 50 atm, the temperature at which
methanol begins to be detected decreased from 450 to 375 °C. m

The results obtained by Arutyunov et al.62 indicate that the
overall yield of liquid products of the partial oxidation of methane
increases monotonically as the pressure increases up to 200 atm
(Fig. 4). However, the concentrations of alcohols and acetone
pass through a maximum near 150 atm (Fig. 5). Consequently,
the pressure dependence of the yield of methanol has a weakly

0.8

0.6

0.4

0.2
1.8 2.0 lg (P/atm)

defined maximum at these pressures (Fig. 6). Other data also
indicate that the yield of methanol diminishes at pressures above
180 atm18 or that the selectivity of its formation decreases at
pressures above 100 atm.65

Despite the fact that the concentration of formaldehyde in the
liquid oxidation products decreases monotonically with increase
in pressure (Fig. 5), its yield remains approximately constant,
since the overall yield of liquid products increases (Fig. 6). Thus,
pressure is the crucial factor influencing the composition of liquid
oxidation products, including the ratio of methanol to formal-
dehyde (Fig. 7).62 The partial oxidation of methane under very
high pressures, up to 3400 atm26 or higher,23 provides no real
advantages. The pressure range between 75 atm (the standard
pressure in gas mains) and 100 atm may apparently be considered
optimal. Since the cost of gas compression is one of the major
constituents of the prime costs of the products obtained by the
DMTM,87 this conclusion is important practically.

Conversion (%)

6

350 400 450 r/°c

Figure 3. Temperature dependence of the conversion of methane at
Figure 2. Pressure dependence of the delay of self-ignition of the mixture different pressures (a tm) : ( / ) 5, ( 2 ) 10, ( 5 ) 20, (4) 30, ( 5 ) 50 (reported
containing 8 8 % of methane and 12% of air (T = 406 °C).22 by Burch et al.40).
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100 150 P/atm
Figure 4. Pressure dependence of the overall specific yield of liquid
products of the oxidation of methane (T = 400 °C).62 Gas volumes are Figure 6. Pressure dependences of the yields of methanol (/) and
referred to the normal temperature and pressure (NTP). formaldehyde (2) (T = 400 °C).62

The concentration of the main gaseous product, carbon
monoxide, in the gases leaving the reactor reaches ~ 1.5% for an
initial oxygen concentration of ~ 3%, and remains approximately
constant in the pressure range from 30 to 230 atm (Fig. 8). The
concentration of carbon dioxide is several times lower and
increases with pressure, which results in the corresponding
decrease in the CO/CO2 ratio.62 The increase in the CO2

concentration with pressure may be partially due to the
formation and subsequent decomposition of formic acid by the
mechanism suggested by Vedeneev et al.47

At higher temperatures of 515-630 °C, when the yield of
ethane and ethene is fairly high, a pressure increase from 31 to

50 100 150 P/atm

[CH3OH]/[CH2O]

10

100 200 P/atm

Figure 7. Pressure dependence of the ratio of the methanol and formal-
dehyde concentrations in the liquid product of oxidation (T = 400 °C).62

[CO]/[CO2]

- 2.5

200 P/atm

Figure 8. Pressure dependences of the yields of CO (7), CO2 (2), and of
their ratio (3) (T = 400 °C).62

102 atm leads to an increase in the yield of C2 hydrocarbons from
8% to 36%; in addition, the temperature at which complete
conversion of oxygen is achieved decreases by 100 °C.50

Figure 5. Pressure dependences of current concentrations of the main 2. The influence of temperature and Contact time
liquid products of the oxidation of methane (T = 400 °C):62 (1) methanol; An increase in temperature leads to a diminution of the induction
(2) formaldehyde; (3) ethanol; (4) acetone; (5) organic acids. period of the reaction. As shown by Melvin,22 lg TI (TI is the self-

. ignition delay) depends linearly on l/T. The activation energy for
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the oxidation of methane with air in mixtures having compositions
from 60:40 to 90:10 at a pressure of 105 atm lies in the range of
163-188 kJ mol"1 .2 2 However, the temperature dependence of
the degree of conversion of methane for a fixed length of the
reactor (see Fig. 3) is clearly S-shaped, whereupon the transition
from negligibly small to maximum conversion occurs within a
range of not more than 20 °C,40>51 which reflects the critical
character of the process.58 When the temperature of the reactor
walls decreases, hystereses are observed in the temperature
dependences of the process parameters (heating of the mixture,
conversion of methane).51

Once oxygen is entirely converted, further increase in the
temperature within a certain range has apparently little influence
on the yield of methanol.18 Some workers have observed 40> 51 that,
at a pressure of 50 atm and above 425 °C (which is the tem-
perature of the complete conversion of oxygen *•), the value of
SCHJOH already decreases monotonically (from 40% to 32% at
500 °C 40); however, according to other data,45 the selectivity
remained practically constant between 420 and 460 °C
(P = 40 atm) or passed through a maximum at ~450 °C.18-59

(Fig. 9). Further increase in temperature may lead to a diminution
of the yield of methanol due to both a decrease in the selectivity of
its formation and the decomposition of a portion of the product
already formed on contact with the reactor surface.40 For the same
reason, it is undesirable to increase the residence time of the
mixture in the reactor for a longer period than is necessary for the
complete conversion of oxygen at the given temperature.40'59

However, if the surface of the reactor is relatively inert (quartz,
Pyrex, stainless steel), the variation of the residence time of the
unreacted reaction mixtures within fairly broad limits has little
influence on the final yield of methanol and even on the yield of
formaldehyde, although the latter is less stable under these
conditions.40'62 Attempts to increase the yield of methanol by
rapid cooling of the mixture as it leaves the reactor39 have given
no significant advantage over the results of most other studies
(Table 1).

When the temperature is increased to 500 °C or more, the
composition of reaction products changes toward ethane, ethene,
and small quantities of ethyne, the overall selectivity of their
formation being as high as 37% at 515 °C and 100 atm.49-50

The combination of high temperatures and relatively low
pressures is favourable for an increased yield of formaldehyde.
When the reaction was carried out at 625 °C and 5 atm, with a
methane: air ratio of 1:5 and a contact time of 2.3 s, the yield of
formaldehyde in the gas-phase oxidation of methane was raised to
3.5% (SCH,O « 50% for a degree of conversion of ~ 7%), which is
even greater than in the presence of oxide catalysts.44

60

50

340 380 420 460 77°C

Figure 9. Temperature dependences of the selectivity of the formation of
the sum of useful oxygen-containing products (/,3) and methanol (2,4) at
pressures of 184 (7,2) and 231 atm (3,4).™

3. The conversion of methane and oxygen in the oxidation
of methane to methanol
A low concentration of oxygen in the DMTM predetermines a low
degree of conversion of methane after its single passage through
the reactor. In virtually all experimental studies (see Table 1,
Fig. 1), the degree of conversion of methane was lower than the
initial percentage of oxygen. Only Gesser et al.28 and Yarlagadda
et al.,38 who have achieved very high selectivities in the formation
of methanol, reported methane conversions substantially higher
than the initial oxygen contents. The reasons for this discrepancy
are still unclear.

It has been noted62 that the gas-phase reaction products
always contain a small amount of oxygen {~5% of its initial
concentration [O2]o on average}. Special studies made it possible
to rule out trivial explanations of this fact such as that oxygen
entered the system after it had left the reactor or unreliability of
the analysis. The fact that the oxidation of methane stops before
the oxygen is entirely consumed is difficult to explain from the
theoretical viewpoint.

In one of the early studies, Newitt and Huffner4 stated that
oxygen was fully consumed in this reaction. On the other hand, a
careful analysis carried out in the study by Boomer and Thomas17

indicated that the gases leaving the reactor contain oxygen almost
in all cases. The authors emphasised that the material balance of
this reaction with respect to oxygen is difficult or even impossible
to reconcile. A review65 cites data89 which state that 95% of the
oxygen present in the system enters into the reaction, i.e. 5% of
the oxygen remains unchanged. Finally, Bauerle et al.25 presented
reliable data indicating that at 100-750 atm, 250-363 °C, for
reaction times of up to 900 min, and [O2]o = 10%, the process
stops when the residual oxygen content is (0.3 -0.5)[02]o. Perhaps,
the most remarkable relevant data are concerned with the
existence of a limiting oxygen concentration in the oxidation of
butane.90 Appreciable amounts of unchanged oxygen have also
been observed in experiments on the oxidation of methane at very
high pressures of 1700 - 3400 atm.26 In other papers, either there is
no special mention of the presence of noticeable quantities of
oxygen in the gas after the reaction or complete consumption of
oxygen has been reported. Nevertheless, the question why the
oxidation stops before all the oxygen is consumed requires an
additional analysis.

4. The influence of mixture composition on the kinetics of the
process and the yield of products
The kinetics and the yield of products of the DMTM are very
sensitive to the composition of the mixture, especially, to the
methane: oxygen ratio. As the oxygen concentration increases,
the degree of methane conversion also increases, but at the same
time, the selectivity of the formation of methanol rapidly di-
minishes5'13'18'31-38-39'45'60 (Table 1, Fig. 10). Since SCH3OH
is governed by the methane: oxygen ratio,60 the decrease in
[CH4]/[O2] at a constant oxygen concentration leads to
diminished yields of methanol and other liquid oxidation
products (Fig. II).63 The optimal proportion of oxygen in
methane is about 3 % - 5 % ; however, at this concentration, the
degree of conversion of methane in a single pass through the
reactor is inevitably low.

An increase in the oxygen concentration has an inhibitory
effect on the reaction rate. For example, the delay of the self-
ignition of mixtures of methane with air at 72 or 83 atm increases
with increase in the oxygen concentration 22 (Fig. 12).

Dilution of the reaction mixture with nitrogen,40-63 helium,60

or other inert gases does not influence the proportions of the
products, if the methane: oxygen ratio remains constant. There-
fore, the results are identical no matter whether oxygen or air is
used as the oxidant.

Carbon dioxide and water vapour cannot apparently be
regarded as being absolutely inert during the DMTM. In all
probability, the oxygen incorporated in these compounds can
participate in the formation of methanol or other oxygen-



Direct high-pressure gas-phase oxidation of natural gas to methanol and other oxygenates 203

HjOH (°/°)

80

60

40

20
[O2] (%)

Figure 10. Dependences of the selectivity of the formation of the sum
of useful oxygen-containing products (7, 3,5) and methanol (2, 4, 6) on
the oxygen concentration at pressures of 141 (/, 2), 184 (3, 4), and 231 atm

containing products, thus increasing their yields.13 However, no
reliable experimental data concerning this problem have been
reported. When about 75% of the methane in a 8.5CH4 + O2

mixture was replaced by N2, CO2, or H2O (at 50 atm), apart from
the reduction of the reaction rate caused by the decrease in the
methane concentration, the yield of methanol also diminished (by
approximately 40%).s This is most probably due to the decrease in
the methane: oxygen ratio. The yield of formaldehyde was almost
unchanged on dilution of methane with nitrogen or carbon

Yield/10"2 g dm-3(NTP)

4

-8-
10 20 [CH4]/[O2]

Figure 11. Dependences of the yields of liquid products of the partial
oxidation of methane on the [CH,»]/[O2] ratio (P = 100 atm,
7"=400°C):63 (1) the sum of liquid oxidation products; (2) water;
(5) methanol; (4) formaldehyde.

0.7

0.5

0.3
0.3 0.5 0.7

Figure 12. Dependence of the delay of the self-ignition of the mixture of
methane with air at 406 °C on the oxygen concentration22 at different
methane pressures (atm): (1) 83.3, (2) 71.8.

dioxide; on dilution with water vapour, it increased almost two-
fold, which confirms the suggestion that water plays an active role
in this process.

In a study of the possibility of realising a recirculation scheme
for the DMTM process, Arutyunov et al.63 investigated the
influence of the addition of the two main reactive gaseous
products, namely, carbon monoxide and hydrogen, to the
reaction system on the yield of liquid products. It was found
that, if the initial concentration of these compounds does not
exceed 5%, they virtually do not influence the methanol yield.
However, at higher concentrations, the methanol yield may
decrease by more than one half.

The influence of the addition of minor quantities of carbon
dioxide (10%) or hydrogen (4%) on the DMTM process in
the temperature range 400-500 °C at P = 41 atm, for
CH4:02: N2 = 30:1:4, and for a contact time of 1 s has also
been investigated.59 The addition of either of these gases caused a
slight (by ~ 10 °C) decrease in the temperature of the onset of the
process, but the maximum yield of methanol almost did not
change.

5. Homogeneous promotion of the process
Attempts to promote the DMTM process were undertaken as
early as 1921, when a number of methods for the preparation of
methanol and formaldehyde from natural gas were studied. These
methods are: (1) oxidation over various catalysts; (2) oxidation
with ozone; (3) iodination followed by hydrolysis; (4) interaction
of methane with CO2; (5) synthesis of C2H4 from natural gas and
its subsequent oxidation; (6) oxidation of methane in solution and
with liquid oxidising agents.68

In a study of the oxidation of a mixture of methane with
air (3:1) at 25 atm and 300-400 °C, it was found that minor
quantities of HNO3 accelerate the reaction significantly, while
small amounts of PbEt4 retard it.7 However, these additives have
little influence on the composition of the products.

The possibility of initiating the partial oxidation of methane
with ozone under flow conditions at P = 1 atm has been
considered.91 Although ozone appreciably promotes the reaction
and increases the yield of methanol, a selectivity > 42% was
achieved only when the degree of conversion of methane was no
more than 1 %. The use of high pressures, more favourable for the
formation of methanol, requires the development of effective
methods for the production of ozone under these conditions.

The presence of even minor admixtures of heavier hydro-
carbons in methane is well known to decrease the reaction
temperature with no substantial effect on the yields of the main
products. In fact, the replacement of natural gas by methane
necessitated that the temperature at the beginning of the process
be increased from 350 to 425-475 °C, l s and the addition of 5%
ethane to methane led to a 50 °C decrease in the temperature.40
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Figure 13. Influence of the addition to natural gas on the concentration of
methanol in the liquid oxidation products at P = 140.6 atm and
[O2] = 6%.15

Some data indicate that the yield of methanol increases
substantially in the presence of large quantities of ethane
(Fig. 13).15 Unfortunately, no systematic studies on the influence
of other hydrocarbons on the DMTM process have been carried
out.

A decrease in the temperature of the process and an increase in
the conversion of methane and the yield of methanol following the
addition of 3% of ethane, propane, or isobutane have been
reported (P = 41 atm, C H 4 : 0 2 : N2 = 30:1:4, contact time
1 s).59 However, in view of the magnitude of this effect, it is
difficult to determine unambiguously whether or not the added
hydrocarbon itself acts as a source of the additionally formed
methanol.

The most systematic study of the influence of promoters on
the DMTM process has been carried out by Hunter et al.41 at a
pressure of 10 atm. About 30 different compounds, including
saturated, unsaturated, cyclic, and aromatic hydrocarbons,
ethers, alcohols, ketones, aldehydes, water, peroxides, sulfur-
containing compounds, and amines, were tested as promoters.
Many of these promoters decrease noticeably the temperature of
the process. Diethyl ether exerts the greatest influence; the
addition of 3.9% of diethyl ether decreases the reaction
temperature from 402 to 225 °C. Another obvious consequence
of the action of some promoters is a significant increase in the
yield of formaldehyde, probably at the expense of the correspond-
ing decrease in the yield of methanol. In some cases, the selectivity
of the formation of methanol or/and formaldehyde increases,
compared with a system containing no promoters. However, this
requires the addition of fairly large amounts of promoters, which
cancels the economic prospects of thus increasing the yield of
methanol in a real technological process.

6. The influence of catalysts and the material of the reactor
surface
The question whether the effectiveness of the DMTM process can
be significantly increased by using catalysts has remained
unsolved throughout the period of its study. An investigation of
the influence of certain metals and alloys on this process19 did not
reveal any significant advantages of the catalytic reaction over the
purely gas-phase transformation. The use of metallic reactors or
catalysts at relatively low pressures favours the formation of
products of the complete oxidation of methane.40 However, at
higher pressures catalysts exert no significant influence on the

selectivity of the formation of methanol. Similar conclusions were
based on other data.41'56

Analysis of the results of the reactions conducted under
catalytic conditions69"75 and in a series of recent comparative
studies40>41'56 makes it possible to conclude almost unambig-
uously that the catalytic process has no real advantages over the
gas-phase reaction carried out at high pressures.40'71 The same
conclusion follows from the kinetic analysis of the reaction
mechanism (Section V). The only obvious positive result of using
catalysts in the DMTM is the possibility of lowering the reaction
temperature.

The question how the material of the reactor surface
influences the stability of the products of the partial oxidation of
methane is of great importance. A study of the stability of
methanol in reactors made of Pyrex, stainless steel, and copper40

has shown that, in the case of copper, methanol decomposes
almost completely even at 375 °C. Stainless steel is much more
inert. In a Pyrex reactor, decomposition of methanol cannot be
observed even at 500 °C; nevertheless, up to 15%-18% of the
methanol added to the reaction mixture decomposes, probably
through being involved in the reaction.40 Quartz and Teflon are
also among the best materials for reactors used for the DMTM.41

When light paraffins are oxidised in copper or steel reactors,
especially at atmospheric pressure, the yields of both alcohols and
aldehydes decrease.92 The decomposition of methanol on some
surfaces affords dimethyl ether.93 Ultimately, the reactor material
exerts no crucial effect on the selectivity of the formation of
methanol and other organic products, because the reaction is
homogeneous and the rate of diffusion of radicals to the surface at
high pressures is low. The results of pilot tests indicate31 that the
relatively low temperature of the process, which does not exceed
600 °C at the reactor outlet for an initial oxygen content of ~ 3%,
and the low concentration of the organic acids formed can hardly
create serious problems in the choice of the material of the reactor.

7. Physical initiation of the process
Attempts to use various physical methods for controlling the rate
and selectivity of the DMTM have been undertaken since the
1920s. The effects of an electric discharge, radiation, and ultra-
violet light on this process were then studied.15

In the 1980s, studies on the initiation of the DMTM by laser
radiation were carried out in the Los Alamos National Labora-
tory (USA).94'95 From the results obtained, one can judge that, at
450 °C, 2.04 atm, and an oxygen concentration of 11 %, only the
rate of the reaction could be really increased, while SCH3OH anc^ t ' l e

proportions of products do not change noticeably. However,
kinetic analysis of the system showed that at elevated tempera-
tures (530-730 °C), a pressure of 60 atm, and for the
CH,t:C>2 = 2:1 ratio one may expect a 50% selectivity of the
formation of methanol with a degree of conversion of about 25%.
The time scale of the reaction (3 ms) dictated the use of a reactor
with a supersonic nozzle.94 Nevertheless, the authors were
apparently unable to solve the problem of the quick removal of
the heat of reaction and to achieve quick 'quenching' of the
reaction products, without which a high selectivity of the forma-
tion of methanol at a relatively high oxygen concentration cannot
be ensured.

Among the physical methods for stimulating the oxidation of
methane, the use of an ultra-high frequency, glow discharge and
thermal initiation by a heated wire have also been considered.96

It has been shown 97 that, in a methane plasma, methane dimerises
to C2 hydrocarbons with a selectivity of more than 95% for a
degree of conversion from 30% to 90%. However, the energy
efficiency of this thermodynamically unfavourable process is only
0.2% - 3.3%. An attempt to use an ultra-high frequency discharge
for oxidising methane to methanol98 has shown that the features
of the reactor design are also significant. The introduction of
methane behind the area of plasma induction allowed the yield of
C2 hydrocarbons to be significantly diminished, but the selectivity
of the formation of methanol was still extremely low.
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8. Cool-flame and periodic phenomena in the oxidation
of methane
The existence of cool-flame and related periodic and critical
phenomena has been observed in the oxidation of many hydro-
carbons with various structures, including alkanes up to propane
and ethane.20-"• 10° In the vast majority of studies, cool flames
have not been detected in the oxidation of methane. However, the
authors of some studies have noticed phenomena that could have
been interpreted as cool-flame phenomena. These situations have
also been found in the high-pressure oxidation of methane to
methanol.23-42-45 Only Vanpee101 and Egret et al.,102 who worked
at atmospheric pressure, obtained fairly convincing experimental
evidence for this phenomenon. Recently it was confirmed once
again:103 cool flames were detected in a 2CH4 + O2 mixture at
650-740 Torr and about 500 °C. The dependence on time of the
temperature of the reaction mixture exhibited two maxima, the
temperature rise in the first one being 100-120 °C. A region of a
negative temperature coefficient of the rate of oxidation of
methane has been found.104

Since there is a theoretical possibility of the appearance
of cool-flame regimes in the high-pressure oxidation of
methane,61'105 which may lead to the yields of products, differing
fundamentally from those reached in other known oxidation
regimes, we present here the published experimental data.

In a process carried out at a pressure of 3360 atm, an oxygen
concentration of 8%, and an initial temperature of 262 °C in a
static reactor, two temperature peaks with amplitudes of 6 and
14 °C, accompanied by corresponding pressure increases, have
been observed against the background of a slow temperature

rise
23

Temperature oscillations typical of the cool-flame phe-
nomena have been observed during the oxidation of methane in
a flow reactor at 25 - 35 atm and an oxygen concentration not less
than 5%.4 2 At oxygen concentrations of 8% or more and
temperatures of about 410 °C, these oscillations were steady. An
increase in the temperature to 450 °C led to a decrease in the
amplitude of the oscillations and an increase in their frequency. At
475 °C, the oscillations disappeared. The amplitudes and the
frequencies of the oscillations at various points along the reactor
axis were very different. The maximum SCHj0H was achieved at
the lowest temperatures at which oscillations no longer occurred;
however, the selectivity remained lower than that observed at the
optimal oxygen concentrations (< 3%). It was suggested that,
under the conditions in which these oscillations occur, the process
in the reactor can be controlled in order to achieve the highest
selectivity.

9. The role of other factors
Among other factors which can, in principle, influence the kinetics
and the yield of products of the partial oxidation of methane, one
should mention the rate at which the reagents are introduced into
the reactor, the conditions in their mixing, the heat transfer
conditions, and features of the reactor design.

The fact that the yield of products depends substantially on
the ratio between the diameter of the reactor, through which a
slo w (1.6 m s ~ ' ) stream of methane is passed, and the diameter of
the coaxial nozzle, through which oxygen is passed at a high
velocity (60 - 300 m s~'), and on the velocity of the oxygen supply
through the nozzle has been reported in a patent.27

There is evidence that it is necessary to ensure the maximum
homogeneity of the mixture entering the reactor. For this purpose,
a premixing chamber filled with Teflon turnings has been
mounted before the reactor.28 However, an attempt40 to repro-
duce the high yields of methanol obtained by Gesser et al.28 by
using the same premixing device gave no noticeable positive
results. The composition of the gas, the mixing conditions, as
well as the reactor size and the constructional materials used 28-40

were approximately the same and could not account for the large
difference between the selectivities of the formation of methanol
(~80% and ~40%, respectively). It was concluded40 that some

slight, but perhaps significant, differences in the reactor design
may account for this difference, and that the essential influence of
this factor is due to the cool-flame reaction regime.

The influence of the reactor design (the way in which oxygen is
supplied into the stream of methane) on the process has been
studied.60 The improvement of the conditions in the mixing of the
reactants by introducing oxygen through a spiral nozzle or into a
narrow zone of the reactor did not lead to a substantial increase in
the yield of methanol. The best results were achieved by
distributing the oxygen supply along the whole reactor.3060 In
this connection, it was suggested 60 that the high yields attained in
some experiments reported in a patent27 were due to the great
distance of the flow of oxygen, before it was mixed with methane,
the oxygen being injected into the reactor through a narrow
coaxial nozzle, which is equivalent to a distributed supply. The
best results were achieved at moderate rates of supply of oxygen.
At high rates, the degree of turbulence might increase, and, hence,
the mixing area might diminish, which could cause a decrease in
the yield of methanol.

Theoretical calculations predict the possibility of increasing
the yield of methanol by an order of magnitude by using a
fundamentally different scheme for conducting the process.95-106

In conformity with these calculations, conducting the reaction at
730 °C with rapid quenching of the products may ensure
•SCH3OH = 57% with an oxygen concentration of 25%, which
corresponds to a methanol yield of about 13%.1 0 6

IV. High-pressure oxidation of methane
homologues
Data on the oxidation of rich mixtures of methane homologues
with air or oxygen at high pressures are quite scarce and are
presented in a very small number of papers.5-6,n, 15,90,107-109
Most of these papers have been considered in detail in a review.20

When gases containing large proportions of higher hydro-
carbons are used, the process parameters such as the pressure and
the temperature needed decrease sharply. As the concentration of
higher hydrocarbons grows, there is an increase in the degree of
conversion of natural gas, for which the selectivity of the
formation of alcohols still remains high; in addition, higher
alcohols, including iso-alcohols, aldehydes, and some other
compounds, are also formed.

1. Ethane
Since ethane is oxidised much more readily than methane, it
follows that, as mentioned in Section III, even a slight increase in
the proportion of the ethane admixture in methane (natural gas)
decreases the reaction temperature by approximately 100 °C and
increases the yield of alcohols (Fig. 13). The most comprehensive
studies of the oxidation of ethane have been carried out by Newitt
and coworkers.5-6-107 The oxidation of mixtures with the approx-
imate composition C2H6:02 = 9:1 under static conditions at
15-100 atm,6-107 afforded methanol, ethanol, formaldehyde,
acetaldehyde, formic acid, and acetic acid apart from carbon
oxides, methane, and water. On the basis of the results obtained, it
has been concluded 6 that an increase in pressure, with approx-
imately the same reaction time (2.5-4.5 min), leads to an increase
in the yield of C2 products (ethanol, acetaldehyde, and acetic acid)
and to a decrease in the yields of methanol and formaldehyde.
However, maintenance of a constant reaction time does not ensure
the maximum yield of alcohols. In any case, examination of the
full set of experimental data 107 shows (Table 3) that the maximum
yields of alcohols and acetaldehyde depend only slightly on
pressure, at least in the range above 50 atm. The role of pressure
is more clearly manifested by an increase in the yield of acetic acid,
the maximum selectivity of its formation reaching 27.2% at
100 atm, and a monotonic decrease in the yield of formaldehyde.
Apparently, one can also conclude that the selectivities of the
formation of ethanol and acetic acid increase as the oxygen
concentration in the mixture decreases. In the oxidation of a



206 V S Arutyunov, V Ya Basevich, VI Vedeneev

Table 3.

/•/atm

15"
5Oc-d

75"
100 c d

Pressure dependence of the selectivity of the formation of the products of the oxidation of ethane.107

T/°C

315
286
279
266.5

Selectivity of the formation (%)a

EtOH

16.0
24.4
18.0
23.7

CH3OH

19.4
14.1
16.6
11.2

[ CH3CHO

1.9
8.3
6.8
6.0

HCHO

4.5
2.0
0.4
0.05

AcOH

0
1.7
3.6

23.8

HCOOH

0
0.9
0.6
0.6

CO

34.8

9.3

CO2

10.0

14.2

CH4

0

8.6

I .

41.8
51.4
46.0
65.3

£g

44.8

32.1

CO/CO2

3.48

0.65

hi
min

3.0
10.7
2.5

34 5

a Based on the combusted ethane.b Initial mixture composition: 88.2% C2H6 + 11.8% O2.c Initial mixture composition: 88.4% C2H6 + 11.6%O2-
d The results of the experiments in which the highest ethanol yields were achieved. £1 and £g are the sums of liquid and gaseous products respectively.

mixture with the composition C2H6:02: N2 = 90:3:7 in a flow
reactor at P = 50 atm, T = 360 °C, and for a contact time of 4 s,
the selectivity of the formation of ethanol was 63%. 5 When the
contact time increased to 20 s, the selectivity of the formation of
ethanol decreased to 14.5%, while SC H j 0 H increased from trace
amounts to 7.8%. When portions of oxygen were successively
added to the mixture which had already reacted, the quantities of
ethanol, aldehydes, and acids formed and the quantity of methane
remained virtually constant, and only the contents of methanol
and carbon oxides increased monotonically.107

In a more recent study,108 in which the process was carried out
under flow conditions at 27-37 atm, a high selectivity of the
formation of alcohols (more than 70%) was also observed.
However, whereas at the relatively low pressures mentioned
above the ethanol: methanol ratio in the reaction products was
less than unity, with increase in pressure to 90 atm this ratio
increased to 6. In the experiments under consideration, the time
the mixture spent in the reactor also increased from ~ 1 min at
15 atm to 7 min at 90 atm. Therefore, it is difficult to distinguish
the influence of the linear velocity of the reactant flow in the
reactor from the influence of the pressure itself. It should be noted
that in another study,5 the opposite influence of the residence time
of the mixture in the reactor has been observed: at 50 atm, the
increase in the residence time from 7 to 20 s reduced the etha-
nol : methanol ratio from 19 to 2. It has also been reported109 that
this ratio increases as the oxygen concentration decreases.

2. Propane
Data on oxidation of propane at high pressures have been
reported by Newitt and coworkers6-109 (static conditions) and
Wiezevich and Frolich 15 (flow conditions). These data are partly
presented in Tables 4 and 5. Qualitative analysis showed that,
among aldehydes, propanal and acetaldehyde are formed, among
normal alcohols, methanol, ethanol, and propanol are produced,
while carboxylic acids are mostly represented by acetic acid with
minor amounts of propionic and formic acids.109 An increase in
pressure results in a substantial increase in the yields of

Table 4. Selectivity of the formation of the products of the oxidation of the
propane: air = 1:3.6 mixture (according to Newitt6109).

Products Selectivity (%)a

B

The sum of aldehydes 20.5 21.8 13.5 13.7
The sum of normal alcohols 19.7 21.0 17.5 15.2
Isopropyl alcohol 1.3 2.8 6.2 16.0
Acetone 0.5 4.3 12.5 7.9
The sum of acids 4.3 17.0 19.0 18.9
Carbon dioxide 7.3 17.1 21.4 20.6
Carbon monoxide 21.3 16.0 9.9 7.7
Propene 25.1 0 0 0

a Reaction conditions: A — 1 atm, 373 "C; B — 20 atm, 281 °C; C —
60 atm, 252 °C; D — 100 atm, 250 °C.

2-propanol, acetone, and organic acids, some reduction of the
yields of aldehydes and normal alcohols, an increase in the yield of
CO2, and a decrease in the yield of CO; when the pressure is
20 atm or more, propene is no longer present in the reaction
products. In addition, increase pressure appreciably diminishes
the temperature of the process (Table 4) and leads to a change in
the content of normal alcohols in the reaction products. The
proportions of methanol and ethanol decrease with increasing
pressure, while the proportion of propanol increases (Table 5).
From the data presented, one can see that the most significant
changes in almost all the process characteristics occur when the
pressure increases to 20 atm. Further increase to 100 atm109 or
200 atm15 gives no fundamental advantages, except for an
increase in the yield of 2-propanol.

It is necessary to take into account the fact that the data109

concerning the pressure dependences of the yields of the propane
oxidation products, presented in Tables 4 and 5, have been
obtained at temperatures ensuring an approximately constant
rate of the process rather than under the conditions ensuring the
optimal yields of the alcohols. Since according to the same study
an increase in temperature increases the overall yield of normal
alcohols (at 30 atm, it increases from 21% to 40% as the
temperature increases from 260 to 286 °C), one should expect
that, under the optimal conditions, the yield of the alcohols would
be appreciably higher. As in the oxidation of methane or ethane, a
decrease in the oxygen concentration in the mixture leads to an
increase in the selectivity of the formation of the alcohols.109

However, in the oxidation of propane, a relatively high selectivity
of the formation of the alcohols (more than 30%-40%) can be
achieved even for the propane: oxygen « 1:1 ratio. The optimal
conditions for the formation of the alcohols are ensured by the
highest possible safe oxygen concentration.15

3. Butane, pentane, and heptane
There are only scattered data on the gas-phase oxidation of
butane, pentane, and heptane at high pressures,15-90 permitting
only a general idea about the expected yield of the alcohols and
their proportions. The oxidation of n-butane, pentanes, and
heptanes was studied15 using the same equipment and under
approximately the same flow conditions as were used for the
oxidation of propane. The following conditions are optimal for
the formation of higher alcohols from alkanes: pressure from 130
to 200 atm, the lowest possible temperature, a reaction time less

Table 5. Relative yields of alcohols in the oxidation of the mixture
propane: air = 1: 3.6 (according to Newitt6> 109).

Alcohol Yield (%)

5 atm 30 atm 65 atm

CH3OH
C2H5OH
n-C3H7OH
iso-C3H7OH

76.3
19.1
4.6

58.0
17.6
4.3

20.0

55.3
13.2
7.3

24.2

50.1
9.8

12.2
27.9
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than 10 s in a heated reactor, and the highest possible safe
concentration of oxygen.

Apart from the compounds found also in the products of the
oxidation of propane, the oxidation of n-butane with oxygen at a
pressure of 33—160 atm yields also butanols, their proportion
increasing with increase in pressure. In general, low pressures
during the oxidation of alkanes are likely to be favourable for the
formation of lower alcohols and organic acids, while high
pressures promote the formation of higher alcohols and alde-
hydes.15 In addition, increasing the pressure decreases the tem-
perature of the process: the temperature of the oxidation of
n-butane decreases from 255 to 210 °C as the pressure increases
from 33 to 160 atm. The composition of the products of the gas-
phase oxidation of butane differs greatly from that in its liquid-
phase oxidation at high pressures, the latter yielding mostly acetic
acid and ethyl methyl ketone with minor amounts of alcohols.110

The oxidation of a mixture of 60% n-pentane and 40%
isopentane, saturated beforehand with oxygen up to its concen-
tration of 5%-6%, gives mostly alcohols, aldehydes, acetone,
and acids containing 2 - 3 carbon atoms. Conversely, the products
of the oxidation of heptane (the fraction boiling at 70 to 97 °C and
containing almost all of the heptane isomers present in the head of
the petrol fraction) contained mainly hexanols and heptanols with
boiling points from 140 to 180 °C. The fact that these results differ
from those obtained with pentane has been tentatively attributed
to the occurrence of the reaction in the liquid phase.

In another study,90 the oxidation of n-butane, carried out at
385 °C, 3.5- 12.5 atm, with reaction times from 1.0 to 4.5 s, and
under turbulent flow conditions in order to minimise the trans-
verse concentration and temperature gradients, was rapidly
quenched by cooling with water. The butane and oxygen concen-
trations varied between 1.5 mol % and 6 mol % each, and the rest
was nitrogen. The pressure dependence of the yield of useful
products (alcohols, aldehydes, acetone, and acids) passed through
a maximum at P = 8.8 atm. No appreciable variations of the
ratios between various products were observed. The most sur-
prising finding was that there are limiting oxygen concentrations
for the onset and termination of the process. The reaction did not
proceed if the starting oxygen concentration was less than 1.5%
and stopped when the concentration of O2 fell below this value.
Although incomplete conversion of oxygen has also been noted in
other studies (Section III, 3), the existence of concentration limits
in the high-pressure oxidation of alkanes was pointed out in none
of them. The maximum yield of useful products was achieved for
an oxygen concentration of 4.5%.90

Under the optimal conditions (P = 8.4-9.8 atm, reaction
time 1.2-1.8 s, concentrations of n-butane and oxygen mixed
with nitrogen 4 - 5 % each), 20% of the hydrocarbon taken was
converted into useful products. The selectivity of the formation of
these products was about 50%.

4. General features of the high-pressure oxidation of alkanes
On the basis of the experimental data considered in Sections III
and IV, some general conclusions concerning the features of the
oxidation of methane homologues at high pressures can be drawn
(Table 6).

1. In the oxidation of all the C1-C5 alkanes under optimal
conditions, a selectivity of the formation of liquid organic
products not less than 50% can be achieved.

2. An increase in the oxygen concentration reduces the
selectivity of the formation of liquid organic products, but, on
passing from methane to pentane, the hydrocarbon: oxygen ratio
for which a high selectivity is still achieved decreases sharply (~ 30
for methane, ~ 10 for ethane, and ~ 1 for propane, butane, and
pentane). The degree of conversion of hydrocarbons into useful
products increases in the same series (up to ~ 2 % for methane,
~ 5 % for ethane, and ~20% for propane, butane, and pentane).

3. The pressure and the temperature optimal for the produc-
tion of liquid hydrocarbons decrease monotonically in the
methane-pentane series (100 atm and 450 °C for methane,

Table 6. The optimal parameters of the high-pressure oxidation of alkanes
for the formation of liquid organic products (averaged published data).

Hydro-
carbon

CH4

C2H6

C3H8

C4H10

P/atm

100
50
20
9

a The maximum overall

T/°C

450
360
280
260

selectivity

[CnH2n + 2]/[O2]

30
10
1
1

of the formation
products from all the alkanes exceeds 50%.

Degree of
conversion
into useful
products (%)a

2
5

20
20

of liquid organic

50 atm and 360 °C for ethane, 20 atm and 280 °C for propane,
and 9 atm and 260 °C for butane). As a rule, these data
correspond to a process conducted under flow conditions with a
reaction time of several seconds.

4. The influence of pressure on the product composition
decreases in the methane-pentane series.

V. The mechanism of the high-pressure oxidation
of methane
The understanding of the mechanism and, consequently, the
optimisation of the conditions in a process as complex as the
oxidation of methane, which has been one of classical objects of
study in chemical kinetics for decades,111 are impossible without
the creation of an adequate kinetic model. Several theories which
make it possible to explain the experimentally observed charac-
teristic features have been suggested;20 however, at present, the
radical-chain mechanism of the gas-phase oxidation of alkanes is
generally accepted.112 In view of the complexity of the methane
oxidation process, one can hardly expect that a universal model,
suitable for the quantitative analysis of all cases of practical
interest, will be developed in the near future. Therefore, the
existing quantitative models have as a rule limited applicability.
In conformity with the subject of our review, we shall consider
only those models which involve the modelling of the oxidation of
methane at high pressures and moderate temperatures.

1. The principles of the construction of quantitative kinetic
models of complex gas-phase processes
One can hardly expect that a mathematical description (kinetic
model) of a complex chemical reaction will be in complete
quantitative agreement with the real process. This is due to both
the unavoidable inaccuracy of the kinetic parameters of a model
and the errors of the real experiment. The kinetic parameters of
complex models are mainly selected using the experimental rate
constants for the elementary reactions, and it is desirable to have
available also the results of theoretical calculations or empirical or
semiempirical estimates for all the key elementary stages as well as
those elementary stages, which have not been studied or have been
poorly studied. The experience in modelling complex gas-phase
reactions indicates that, if there is no confidence in the reliability
of the available experimental rate constants for any elementary
reactions or if these data deviate significantly from the theoretical
estimates or calculations, the latter should be preferred.64

Models adequately describing a whole set of reliable and
noncontradictory experimental data are the most valuable. The
adjustment of a model to make it describe accurately a group of
results by manipulating the rate constants for individual reactions
is not very promising. Kinetic analysis indicates 36 that the yields
of products often depend strongly on the parameters of those
elementary reactions in which these products are neither formed
nor consumed. Moreover, a rather complex kinetic model pos-
sesses certain 'internal stability'. In some cases, several parallel
pathways to the formation of particular products exist, and
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attempts to attain a specified change of their yield by varying the
parameters of 'obvious' reactions may fail.

2. Characteristic features of the oxidation of methane at high
pressures and moderate temperatures
The rise in pressure influences the course of gas-phase reactions
for several reasons. As the pressure grows, the frequency of
intermolecular collisions and hence the rate of the process
increase, which decreases the reaction temperature. This, in turn,
leads to the possibility of the 'survival' of certain intermediates,
which would decompose or undergo further transformations at a
higher temperature. Pressure can also shift the equilibria of
reversible reactions, and in the oxidation of hydrocarbons at
moderate temperatures the most important are reactions of the
type113 '114

R + O2 RO2.

Pressure changes can also result in a redistribution of the
contributions of various paths in multipath reactions (for
example, in the reactions of biradicals with unsaturated hydro-
carbons),115 in an increase in the yields of the products of radical
recombination, and in the deactivation of excited molecules.111

Finally, pressure is a critical factor for chain reactions.112

The possibility that, even at pressures of several hundreds
of atmospheres, fundamentally new reaction paths may appear,
due to the manifestation of the cage effect, when a short-lived
molecular complex formed during the process has time to react
with other reactants before it decomposes, has been discussed.116

At the same time, modelling of kinetic processes occurring at
pressures of tens of atmospheres is facilitated in the vast majority
of cases by the possibility of neglecting the pressure dependences
of the rate constants for unimolecular and termolecular reactions
and of using their values obtained for the infinite pressure limit. l ' '
The heterogeneous destruction of radicals and intermediates at
these pressures is limited by the rate of their diffusion to the

surface and plays a relatively small role, which also facilitates the
modelling.

Since the DMTM process occurs at moderate temperatures,
its modelling is simplified, because a large number of elementary
reactions requiring high activation energies as well as processes
involving CH, C, C2, and other species, formed only at high
temperatures, can be excluded from the kinetic scheme. Moreover,
when rich mixtures are employed, some reactions that are
significant only at relatively high oxygen concentrations can also
be ignored.

3. The model of the high-pressure oxidation of methane
The development of a quantitative model of the high-pressure
oxidation of methane is a complicated problem in spite of the
above possibilities of simplifying the kinetic scheme. Models
developed for other conditions cannot be applied directly to the
DMTM process; at best, they can serve as the starting point for
such work. The most logical and comprehensive programme for
the modelling of the DMTM has been reported by Vedeneev and
coworkers.33"37-64 An extensive study on the modelling of the
DMTM has been carried out at Trondheim University and the
Norwegian Technological Institute.39-68 Several other research
groups have also presented their results.45-54-61-94 Unfortunately,
these publications are either difficult to obtain68-94 or give no
detailed description or justification.45-54

Detailed analysis and comparison of various models is beyond
the scope of our review. We shall consider only the first model
suggested for the DMTM process,34 since it has been most fully
described and tested in the modelling of a wide range of
experimental results by the same workers and by other research
groups.48-60 In addition, the base model34 and its modifica-
tions37-64-117-118 have proved suitable for describing various
processes ranging from the DMTM34-37-64 to the oxidative
condensation of methane118 or the oxidation of methane below
atmospheric pressure.117

The base model34 (Table 7) takes into account all the main
reliably established elementary reactions that play a significant

Table 7. The mechanism of the oxidation of methane34 and the parameters of the equation k = AT"t\p( — EjRT).

Reaction Aa n mol"

1. CH4 + O2 = CH3 + HO2

2. CH3 + HO2 = CH4 + O2

3. CH3 + O2 = CH3OO"
4. CH3OO" = CH3 + O2
5. OH" + CH4 = H2O + CH3

6. CH3OO" + CH3OO" = CH3O" + CH3O" + O2

7. CH3OO" + CH3OO" = CH2O + CH3OH + O2

8. CH3OO" + CH3 = CH3O" + CH3O"
9. CH3OO" + HO2 = CH3OOH + O2

10. CH3 + HO2 = CH3O" + OH"
11. HO2 + HO2 = H2O2 + O2

12. CH3 + CH3 = C2H6

13. CH3O" + HO2 = CH3OH + O2

14. CH3O" + CH4 = CH3OH + CH3

15. CH3O" + O2 = CH2O + HO2

16. CH3O" = CH2O + H"
17. CH3OO" + CH4 = CH3OOH + CH3

18. CH3OO" + CH2O = CH3OOH + CHO"
19. HO2 + CH2O = H2O2 + CHO"
20. CH3 + CH2O = CH4 + CHO"
21. CH3O" + CH2O = CH3OH + CHO"
22. OH" + CH2O = H2O + CHO"
23. H" + CH4 = H2 + CH3

24. H" + O2 + M = HO2 + M
25. H" + CH2O = H2 + CHO"
26. CHO" + O2 = CO + HO2

27. CHO" + M = CO + H" + M
28. CH3OOH = CH3O" + OH"

1.00 x 10-'°
1.00 x 10- ' 2

2.00 x 10-1 2

8.90 x 10'3

1.32 x 10- ' 7

1.71 x 10-»3

0.74 x 10- ' 3

4.50 x 1 0 " "
7.70 x 10-1 4

3.00 x 1 0 - "
2.20 x 10- ' 3

4.00 x 1 0 - "
1.70 x 1 0 - "
1.00 x 10" '2

1.00 x 10- ' 3

1.00 x 10'4

1.00 x 1 0 " n

4.70 x 10- ' 3

2.00 x 10- ' 2

1.40 x lO"12

1.00 x 10- ' 2

1.25 x 1 0 - "
1.30 x 10-'°
1.00 x IO-32

3.27 x 1 0 - "
5.50 x 1 0 - "
4.00 x 10-1 0

4.00 x 1015

0
0
0
0
1.9
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-0 .4
0
0

234.30
0
0

130.96
11.25
0
0
0

-10.88
0

-5.15
0
0

46.02
10.88

125.52
89.96
50.21
46.02
29.10
15.06
0.73

49.90
-4.18
15.35
0

71.13
179.91
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Table 7 (continued).

Reaction E/kJmo\-

H2O2 = OH' + OH'
OH" + H2 = H2O + H"
HO2 + H2 = H2O2 + H'
CH3OO' + H2 = CH3OOH + H"
CHjO" + H2 = CH3OH + H"

CH2O
CH3 + H2 = CH4 + H'
CH3OO" + CH3O' = CH3OOH

36. CH4 + HO2 = CH3 + H2O2

37. CHj + CH3OH = CH4 + "CH2OH
38. CH3OO" + CH3OH = CH3OOH + 'CH2OH
39. "CH2OH + O2 = CH2O + HO2

40. HO2 + CH3OH = H2O2 + "CH2OH
41. OH" + CH3OH = H2O + 'CH2OH
42. OH' + CH3OH = H2O + CH3O'
43. CH3O' + CH3OH = CH3OH + 'CH2OH
44. H' + CH3OH = H2 + 'CHjOH
45. H' + H2O2 = OH' + H2O
46. OH" + H2O2 = H2O + HO2

47. H' + H2O2 = H2 + HO2

48. CH3OO' + H2O2 = CH3OOH + HO2

49. CH3O' + H2O2 = CH3OH + HO2

50. CH3 + H2O2 = CH4 + HO2

51. OH' + CO = H" + CO2

52. HO2 + CO = OH' + CO2

53. CH3O" + CO = CH3 + CO2

54. CH3O' + CH3O' = CH3OH CH2O
55. CH3

56. CH3

+ CH3O'
heter.

CH4 + CH2O

heter.
radical destruction

57. CH3OO'
heter.

58. HO2

radical destruction

radical destruction
heter.

59. CH3OOH
heter.

60. H2O2

radical destruction

H2O

3.00 x
1.06 x
5.60 x
3.60 x
3.60 x
3.60 x
1.50 x
3.00 x
3.30 x
5.00 x
2.00 x
1.50 x
5.70 x
1.70 x
6.60 x
2.16 x
3.00 x
3.70 x
1.70 x
2.50 x
2.50 x
2.50 x
2.50 x
1.70 x
2.60 x
3.00 x
2.80 x

5.00 x

5.00 x

5.00 x

5.00 x

1.50 x

1.50 x

1014

io-17

io-12

io-12

io-12

io-12

io-12

io-12

io-13

io - ' 3

io-12

io-12

io-12

i o - "
io-13

io-1 1

io-10

io-12

io-11

io-13

io-13

io-13

io-17

io-10

i o - "
i o - "
i o - "

io-3

io-3

io- 3

io-3

io-3

io- 3

0
2.0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1.3
0
0
0
0

0

0

0

0

0

0

207.94
6.23

93.30
93.30
41.80
45.20

0
89.96
41.00
60.25
0

60.25
5.86

13.81
22.17
22.00
26.36
2.16

20.92
54.39
16.74
11.71

-3.20
96.20
49.37

0
0

0

0

0

0

0

0

heter.

61. H2O2 H2O + O2

a Preexponential factors are expressed in s"1 for unimolecular reactions, cm3 molecule"1 s~' for bimolecular reactions, or cm6 molecule"2 s"1 for the
termolecular reaction 24.

role at high pressures and moderate temperatures, including
heterogeneous destruction of radicals and peroxides on the
reactor surface. Some reactions, discussed in the literature but
not properly justified, have not been included in the model.

a. The main stages of the process
In a kinetic analysis of a complex process, the possibility of
identifying the minimum number of elementary stages necessary
and sufficient to describe the process and also the identification
of the elementary stages the variation of the rate constants for
which influences most appreciably the process kinetics or the
product composition (the rate-limiting stages), are of prime
importance. This problem is solved by analysing the sensitivity
of the process kinetics, the rate of product accumulation, and
other characteristic features to the variation of the rate constants
for individual reactions.35

Analysis of the process kinetics indicates35 that the rate-
determining stages include the decomposition of methyl hydro-

peroxide (stage 28 in Table 7) and of hydrogen peroxide (29) and
also the formation of methyl hydroperoxide (17, 18, 38, 48) and
hydrogen peroxide (36, 40). All the above stages of the peroxide
formation and decomposition reactions belong to the group of
reactions responsible for degenerate branching. The hydrogen
peroxide formation (stage 19) is not included in the set of rate-
determining stages, since at low temperatures the effectiveness of
branching associated with the decomposition of hydrogen
peroxide is low and the effective consumption of formaldehyde,
one of the main degenerate-branching agents, exerts a greater
influence.

The most important quadratic chain termination reactions are
stages 6, 7, and 11. Although in stage 6 two relatively inactive
CH3O2 radicals are converted into two reactive CH3C/ radicals,
the latter are partly converted into HO2 radicals (the competing
stages 14 and 15), which are effectively destroyed in stage 11.

Due to the rapid decomposition of methyl hydroperoxide,
stage 9 is a chain propagation reaction, though formally two
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radicals are converted into molecular products in this reaction.
The positive role of stage 5 is that it transforms the hydroxyl
radicals into the methyl radicals, which, in turn, are converted into
methylperoxyl radicals, responsible for the branching steps. The
effective transformation of the methyl radicals into the CH3O2
radicals is ensured by the fact that, under the DMTM conditions,
the equilibrium involving the two reversible stages 3 and 4 is
shifted toward the formation of the CH3O2 radical throughout the
process, until a negligible oxygen concentration is reached in the
system.

Among the remaining reactions, the inhibiting stages 22 and
46 should be noted; here the OH' radicals are consumed and
branching agents such as formaldehyde and hydrogen peroxide
are destroyed. Stage 52, in which the less reactive radicals HO2,
effectively destroyed in stage 11, are converted into the reactive
OH' radicals, is also significant.

The limiting role of stages 14,15, 21, and 49 can be explained
by the competition between the reactions involving the conversion
of the reactive CHsO' radicals either into the relatively inactive
HO2 radicals or (in the subsequent stages) into CH3O2 radicals,
which participate in the formation of methyl hydroperoxide acting
as a branching agent.

The qualitative scheme presented below,35 which involves the
most significant reactions responsible for the multiplication of
active centres (28 and 29), the formation of the main branching
agents (17,18, 38,48, 36,19,40, and 9), and the termination steps
(6, 7, and 11), makes it possible to explain the mechanism of the
self-acceleration of the reaction.

It follows from the kinetic analysis of the model35 that stages
5, 14, 15, 21, 22, 46, 49, and 52, also contribute to the self-
acceleration mechanism; since these stages are not directly related
to the chain branching or chain termination steps, their role in the
mechanism of the self-acceleration of the reaction would be
difficult to elucidate without numerical analysis of the model.

Branching:

CH3O2 +

HO2 +

CH3OOH
(28)

CH3O" + OH'

Propagation:

CH3O2 + HOj

Termination:

(9)

H2O2

CH3OOH + O2

OH' + OH'

CH3O2 + CH3O2

(6) .

( 7 ) .

2CH3O' + O2

CH2O + CH3OH

HO2 + HO2 H2O2 + O2

b. The mechanism of the initial stage
In the initial stage of the process, the reactions involving inter-
mediate compounds may be neglected and the mechanism of the
DMTM may be therefore represented by the simpler set of stages
given below.33

1. CH4 + O 2 -

3. CH3 + O 2-

4. CH3OO' —

*~ CH3 + HO2

•- CH3OO'

CHj + 0 2

17. CH3OO' + CH4 •" CH3OOH + CH3

36. CH4 + HO2 *• CH; + H2O2

28. CH3OOH *• CH3O' + OH'

29. H2O2 *• 2OH'

5. OH' + CH4 — » H2O + CH;

14. CH3O' + CH4 *- CH3OH + CH3

15. CH3O" + O2 *~ CH2O + HO2

57. CH3OO" '•*• radical destruction

6. CH3OO" + CH3OO'

7. CH3OO" + CH3OO'

9. CH3OO' + HO2 —

11. HO2 + HOj •

«-CH3O' + CH3O" + O2

«-CH2O + CH3OH + O2

—*• CH3OOH + O2

H2O2 + O2

The combination of stages 17 and 28 leads to chain branching
(the branching via reaction 29 may be ignored in the analysis of
the initial stage in view of the long characteristic time of this
process, which exceeds 103 s). A characteristic feature of the
high-pressure oxidation of methane is that the condition
<p = ifcnfCHJ—^57 > 0 is always satisfied owing to the slow
diffusion of radicals to the reactor walls and the high methane
concentrations. Hence, in the initial stages, the reaction proceeds
by a branched-chain mechanism. Since under the DMTM
conditions the relation A78 > fcnlCHJ normally holds, the
branching is limited by the interaction of the methylperoxyl
radicals with methane. Thus, the kinetics of the process are
essentially governed by four stages: 1,17, 28, and 57.

However, the exponential self-acceleration of the reaction in
the initial stage does not lead to an explosion, owing to the
quadratic radical destruction reactions (negative chain inter-
action112). Apparently, the scheme takes into account all the
significant quadratic radical interactions, since in virtually all the
stages of the process the concentrations of the methylperoxyl and
hydroperoxyl radicals are comparable and are many orders of
magnitude greater than those of all other radicals. Analysis has
shown that it is the combination of stages 6 and 7, which are two
paths involving the quadratic interaction of the methylperoxyl
radicals, that ensures that the reaction goes to a quasi-steady-state
regime. Stage 7 plays a crucial role because reaction 6, unlike
reaction 7, does not by itself ensure a quasi-steady-state regime.
The individual reactions 9 or 11 also do not ensure a quasi-steady-
state regime, although allowance for them influences the kinetics
of the transformation of peroxyl radicals.33

The initial self-acceleration of the reaction occurs and is
completed over a very short period when the degrees of conver-
sion of the reactants are extremely small and cannot be detected
experimentally. It follows from the above study33 that in its initial
stage, the high-pressure oxidation of methane is a branched-chain
reaction, which then becomes a quasi-steady-state regime, char-
acterised by approximately equal branching and quadratic chain
termination rates.

c. Reaction paths in the formation of methanol and formaldehyde
A quantitative analysis of the model of the high-pressure oxida-
tion of methane (Table 7) aimed at elucidating the mechanisms of
the formation of the main products has been reported by
Vedeneev et al.36 Apart from the reactions in which a particular
product is directly produced or consumed, the influence of other
reactions was also studied.

The major contribution to the formation and consumption of
methanol is made by stages 14, 38, 40, and 49, although some
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other reactions also cannot be ignored. The main contribution to
the formation of formaldehyde is made by stages 15 and 39, while
its consumption occurs mostly via stage 19. Formaldehyde is
mostly produced via independent parallel processes, primarily
stage 15, rather than via a path involving the oxidation of
methanol (stage 39), and the rate of its formation exceeds that of
methanol. The fact that the final yield of formaldehyde in the
DMTM is almost an order of magnitude lower than that of
methanol (see Section III) is determined only by the higher rate
of the further transformation of formaldehyde. This is properly
illustrated by the experimental data,119 indicating that in the
initial stage of the process, when the degree of conversion of
methane is less than 1%, the selectivity of the formation of
formaldehyde (~54%) exceeds appreciably the selectivity of the
formation of methanol (~36%) but falls very rapidly as the
degree of conversion of methane increases to 4 % - 6 % , which
occurs in the final stage of the DMTM process.

Hydrogen peroxide plays an important role in the process
kinetics and, in particular, in the self-acceleration mechanism,
despite the fact that it has not been experimentally detected in the
studies on the high-pressure oxidation of methane. Hydrogen
peroxide is formed mostly in stages 11, 19, 36, and 40. Carbon
monoxide is formed in stages 26 and 27 and carbon dioxide is
produced in stages 51-53. Certain other reactions in which CO
and CO2 are formed, in particular, the addition of HO2 radicals to
H2CO and the addition of HCO' radicals to O2, should probably
also be taken into account, although their mechanisms have not
yet been reliably elucidated.

The model discussed above34 has been supplemented64 by
two heterogeneous termination reactions and a set of reactions
describing in more detail the kinetics of the formation and
decomposition of carbon monoxide and a significant side prod-
uct — formic acid. A mechanism of the formation of the latter has
been suggested.47 However, analysis has shown that allowance for
this set of reactions has no appreciable influence on the kinetics of
the consumption of the reactants and the formation of the
remaining products.

d. Modelling of the high-pressure oxidation of ethane and
methane-ethane mixtures
The quantitative models of the oxidation of the closest methane
homologues suggested by various groups of researchers do not
cover the region of relatively high pressures and hence they
unfortunately cannot be applied directly to the analysis of the
partial oxidation of methane homologues to alcohols. Therefore,
Vedeneev et al.118 have developed a preliminary model of the high-
pressure oxidation of ethane based on the model of the oxidation
of methane at high pressures.34

The recombination of the methyl radicals

CHj + CH3 C2H6 ,

has been regarded as the main reaction yielding ethane. At
pressures above 10 atm, the values corresponding to the infinite-
pressure limit were used for the pressure-dependent rate con-
stants. The reactions of all the reactive species, namely H*, O',
OH", HO2", CH3, CH3O\ and CH3OO", with ethane were taken
into account. The numerical values of the rate constants for these
reactions were taken from the published data, except for the
reactions of ethane with HO2 and CHjOO', the rate constants for
which were calculated from the rate constants for similar reactions
involving methane with allowance for the 8.4 kJ mol"1 decrease
in the activation energy, in conformity with the Polanyi - Semenov
rule.

The formation of ethene was described by the reactions

C2H4 + H' + M ,

C2H4 + HOi ,

although the latter is probably not an elementary stage. This
model includes both the forward and the corresponding reverse
reactions related by equilibrium constants (altogether 188 elemen-
tary stages). The model does not take into account the formation
of C3 or higher hydrocarbons.

The model under consideration118 makes it possible to
describe quantitatively a wide range of processes, from the
oxidation of methane to methanol (20-100 atm, 650-750 K) to
its oxidative condensation to ethane and ethene (1 -5 atm,
900-1200 K), as well as flame propagation at not very high
temperatures and cool-flame phenomena during the oxidation of
methane. This model was used for the kinetic analysis of the
oxidation of ethane and methane-ethane mixtures at high
pressures. Preliminary results indicate that, when mixtures are
used, the total selectivity of the formation of alcohols (methanol
and ethanol) increases substantially and reaches a maximum when
the ethane concentration in methane is 30%-40%, that it is
possible to retain high selectivities for high degrees of conversion
of the hydrocarbon (more than 8%), and that at P > 20 atm the
selectivity depends only slightly on pressure.

VI. Analysis of the results of kinetic modelling
of the high-pressure oxidation of methane
The present-day level of experimental studies on the DMTM
process is deficient in systematic combined investigations carried
out within the framework of a unified programme and there are
significant discrepancies between the results which are difficult to
explain. Therefore theoretical analysis of the process is of
particular importance. Such analysis should certainly be based
on models, which describe adequately the most reliable experi-
mental data, but, unfortunately, experimental details which would
allow a direct comparison of these data with the results of kinetic
analysis are not always known. In this section, we present the
results of the kinetic modelling of the DMTM process based on
the model developed by Vedeneev et al.34 (Table 7) or its
modification.64

1. Modelling of the product yields and the process time
The kinetic modelling of the consumption of oxygen and product
(methanol, formaldehyde, and carbon oxides) accumulation34

was performed for the experimental conditions adopted in two
previous studies 4-25 (Figs 14 and 15). The model reflects correctly

N x 10-I9/moleculecm-3

15 h

5 -

M

C2H5 + O2

?/min

Figure 14. Kinetic curves for the consumption of oxygen (1, ]') and the
accumulation of methanol (2, 2'), formaldehyde (3, 3'), CO (4, 4''), and
CO2 (5,5') during the oxidation of methane at 7* = 614 K, /" = 100 atm,
and for [CH4]:[O2] = 8.1:1.0. Dashed lines correspond to experimental
data4 and the continuous lines to calculations.34
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Figure 15. Kinetic curves for the oxidation of methane at T = 585 K,
P = 367 atm, and for [CR»]: [O2] = 9 :1 . The designations are the same as
in Fig. 14. Dashed lines correspond to experimental data,25 and continu-
ous lines to calculations.34

the main features of the process: the occurrence of self-accelera-
tion, the duration of induction periods and of the whole process,
the characteristic features of the product accumulation, and their
dependences on temperature, pressure, and composition of the
mixture. The fact that the appreciable concentrations of hydrogen
peroxide (comparable to those of methanol) predicted by the
model34 were not detected in the high-pressure experiments4-22

may be explained by its rapid decomposition on metallic surfaces.
On the basis of an extended version of the model under

consideration,34 the delay period of the self-ignition of methane
under the conditions reported by Melvin22 has been calculated.37

The resulting self-ignition delay periods exceed the experimental
values by a factor of only ~ 1.5, which must be regarded as a very
close agreement. In the same study,37 the experimentally
observed 22 increase in the delay of self-ignition with increase in
the oxygen concentration in the mixture22 (see Fig. 12) was
theoretically interpreted for the first time. It was shown that
during the self-ignition delay period, oxygen inhibits the process,
because the reaction of the alkoxyl radicals with molecular oxygen
is virtually a chain termination reaction, since the reactive chain-
propagating CH3O' radical is converted via this reaction into the
less reactive HO2 radical, which is destroyed rapidly.

Figs 16-18 present the main results of the modelling of the
DMTM processM based on the extended version of the model
developed by Vedeneev et al.34 The variation of temperature
within rather wide limits, for the optimal pressure and mixture
composition and virtually complete oxygen conversion
{[02]/[C>2]o < 5%}, does not influence substantially the yields of
the products (Fig. 16). The selectivity of the formation and the
yield of methanol pass through a weak maximum in the region of
480 °C. Conversely, the selectivity of the formation of formal-
dehyde increases monotonically over the whole temperature
range, its increase accelerating with rise in temperature. A
redistribution of the reaction paths favouring the formation of
formaldehyde, ethane, and ethene 49-50 is known to occur exactly
in the temperature range above 500 °C. 4 9 5 0 Since at P > 30 atm
and T < 500 °C, the target products, that is, methanol and
formaldehyde, virtually do not decompose in the reactor after
the complete conversion of oxygen,40 the temperature range
420-480 "C may be considered optimal. The significant decrease
in temperature (by up to 100 °C) known from the literature and
due to the promoting action of higher hydrocarbons (on passing
to natural gas) or to the use of catalysts does not lead to a
substantial change in the proportions of the products.

An increase in the temperature is naturally accompanied by a
sharp decrease in the reaction time tr (here U is the time required
for 95% oxygen conversion). According to an estimate, the
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Figure 16. Calculated temperature dependences of some parameters of
the DMTM process at P = 100 atm and [O2] = 3 % . M

effective activation energy £eff ~ 167 kJ mol~'. This is in good
agreement with the experimental value found from the tempera-
ture dependence of the self-ignition delays (from 163 to
lSSkJmol-1) .2 2

An increase in the oxygen concentration results primarily in an
increase in the degree of conversion of methane (Fig. 17) and in
heating of the mixture. The calculations were carried out for two
extreme process regimes, namely isothermal and adiabatic
regimes. Although significant difficulties are associated with the
practical realisation of an isothermal regime at high pressures,
these calculations are of undoubted interest, since they demon-
strate the possibility, in principle, of improving a number of
characteristics of the process, primarily, the yield of methanol,
relative to the process conducted under nonisothermal conditions.
At [O2] ^ 3%, when the real temperature rise does not exceed
120 °C, virtually identical results are achieved in both regimes.
Allowance for nonisothermal conditions affects only the
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formation of methanol drops so sharply that at [O2] > 5% its
yield also decreases. Thus, the use of mixtures with a higher
concentration of oxygen to increase the yield of methanol is not
expedient unless the problem of heat removal has been fully
solved.

It is noteworthy that, according to the calculations, one of the
initial reactants, namely oxygen, is virtually an inhibitor, since an
increase in its concentration leads to a decrease in the rate of
reaction (an increase in its duration). Even a substantial increase
in the temperature of the gas mixture by its adiabatic heating does
not balance entirely the inhibitory effect of oxygen.

The calculated pressure dependences of the yields of the main
products are in good agreement with the experimental results

Yield of CH3OH/
10-2gdm-3(NTP)
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Figure 17. Calculated dependences of some parameters of the DMTM
process on the initial oxygen concentration (P = 100 atm, T = 420 °C).
Continuous lines correspond to the isothermal regime and dashed lines to
the adiabatic regime.64

selectivity of the formation of formaldehyde and the reaction time
(Fig. 17). Both versions of the calculation confirm the
experimentally observed sharp decrease in the selectivity of the
formation of methanol with increase in the oxygen concentration. Figure 18. Calculated and experimental pressure dependences of some
At the same time, the isothermal calculation indicates that the parameters of the DMTM process {T = 420 °C, [O2] = 3%}. Continuous
yield of methanol grows slowly and monotonically as the oxygen lines correspond to calculationsM and circles correspond to experimental
concentration increases. The adiabatic calculation gives a data.62

qualitatively different picture. In this case, the selectivity of the

P/atm
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obtained in a pilot plant62 (Fig. 18). According to the authors, the
lower (by ~ 20%) yield of methanol is caused to a large extent by
the imperfect separation unit, which does not exclude up to
10%-20% of the methanol formed being carried away with the
gas phase.

Since the version of the model34 used by Arutyunov et al.64

(Table 7) is meant for describing processes occurring at pressures
not less than 30 atm, the calculations carried out for pressures of
20 atm and especially 10 atm yield only qualitative results.
Nevertheless, they reflect correctly the tendency towards a sharp
decrease in the conversion of methane and in the product yields at
pressures below 30 atm (see the dashed lines in Fig. 18). The sharp
increase in the reaction time implies that, in this pressure region,
there is a critical transition from the fast branched-chain reaction
to a much slower chain-radical process.57

Together with the experimental results, Fig. 1 presents a
calculated plot of the selectivity of the formation of methanol in
the DMTM against the degree of conversion of methane.64 It is
clearly seen that the vast majority of the experimental points lie
near the theoretical plot.

2. The role of pressure in the critical transitions between the
steady-state regimes in the oxidation of methane
As shown in the previous section, the high-pressure oxidation of
methane generally occurs by a branched-chain mechanism. In the
present section, we consider the results of a theoretical study of the
influence of pressure on the regime in which the reaction
proceeds.57

The calculations were carried out for a mixture with the com-
position CH4:02 = 9:1 in the temperature range 600 - 750 K and
the pressure range 1-100 atm. Fig. 19 shows the calculated
pressure dependence of the reaction time (the time required for
95% oxygen conversion). It is clearly seen that there exists a
narrow pressure range (the critical pressure Pa) in which the
process rate changes by several orders of magnitude. This can be
caused only by a change in the reaction mechanism. The critical
pressure is temperature dependent: it decreases from 6.2 atm at
600 K to 1.4 atm at 750 K (Fig. 20).

A change in the reaction mechanism should be manifested
primarily by a change in the reaction kinetics. At pressures below
Per, the shape of the kinetic curves is typical for nonbranched-
chain reactions (more precisely, for reactions with weakly
degenerate branching) (Fig. 21a). At pressures above Per, the
self-acceleration of the reaction becomes much more clear-cut
and the initial rate increases by a factor of approximately 103

(Fig. lib).
The appearance of the critical phenomena discovered by

calculations may be explained by analysing the initial stage of

Ig(«r/S)

0 20 40 60 80 P/atm

Figure 19. Pressure dependence of the reaction time at T = 650 K.57

\

600 650 700 r/K

Figure 20. Temperature dependence of the critical pressure.57 The circles
represent experimental'19 temperatures of the onset of the reaction at
P = 1.5,2, and 3 atm.

the process33 (Section V, 3b), where a steady-state branched-chain
reaction occurs and the increase in the concentration of radicals is
limited by the quadratic recombination of active centres.

In the one-centre approximation, one can easily obtain the
expression

d[CH3OO"]/df = 2fci[CH4]o[02]o

which implies that the character of the process is determined by
the branching factor

<p = 2fei7[CH4]o - ksl,

[O2] x 106/molcm-3

6.0 -

3.0

2.0 4.0 t x 10-7/s

b
[O2] x 106/molcm-3

8.0

4.0

1.0 2.0 ( x 10-4/s

Figure 21. Kinetics of the consumption of oxygen at T=650K: 5 7

(a) P = 3 atm; (b) P = 4 atm.
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Figure 22. Kinetics of the accumulation of the methylperoxyl radicals at
T = 650 K:57 (a) P = 3 atm; (b) P = 4 atm.

(the numbers of the reactions and of the corresponding constants
are given in Table 7).

At low pressures, cp < 0 and the concentration of the chain-
propagating radicals is governed by the ratio of the rates of their
generation and heterogeneous destruction. As the pressure
increases, there is a transition to the region in which q> > 0, and
the concentration of the propagating CH3OC radicals is deter-
mined by the ratio of the rate of branching to the rate of their
quadratic destruction. Since the rate of branching is several
orders of magnitude higher than the rate of generation, the
concentrations of the CH3OC radicals at cp > 0 and cp < 0 differ
from each other by approximately the same factor (Fig. 22).
Figure 22 illustrates the calculations carried out using the full
process scheme; however, the one-centre approximation for the
initial stage of the DMTM gives the critical pressures
/>cr(600K) = 6 atm and Per (700 K) = 2 atm, which are in good
agreement with the values found by calculations based on the full
model.57

The calculated critical pressures correspond to the experimen-
tal plot of the temperature of the onset of reaction in the pressure
range of 1.5-3 a t m " 9 (Fig. 20), despite the fact that the precise
value of the critical pressure may depend on certain parameters
that are difficult to take into account, for example, the reactor
design. From the calculations performed, it is clear that the
experimental conditions influence very strongly the initial stage
and, consequently, the whole oxidation process. For example,
whereas at T = 650 K and P = 3 atm the presence of a catalyst or
a change in the reactor design has a substantial influence on the
process, when the pressure is increased to 4 atm (this leads to an
increase in the quasi-steady-state concentration of radicals by a
factor of 103-104) this influence can disappear almost entirely.

The results presented by Vedeneev et al.57 account for the fact
that the introduction of catalysts, or homogeneous promoters, or
other initiation methods (Section III) does not influence appre-
ciably the DMTM process, carried out at sufficiently high

pressures. In fact, at q> > 0, an additional generation of radicals,
even in much larger quantities than in the thermal process, cannot
compete with their generation in the branched-chain reaction
itself. Apparently, the fact that the use of catalysts becomes
unnecessary when the oxidation of methane to formaldehyde is
carried out at P > 3 atm in the temperature range 873-923 K can
be explained in a similar way.44

3. Theoretical study of the possibility of the occurrence
of cool-flame phenomena during the high-pressure oxidation
of methane
As stated in Section V, the mechanism of the oxidation of methane
is highly nonlinear, because virtually all the main chain initiation,
chain propagation, chain termination, and branching reactions
are nonlinear. Experimental results also indicate that, during the
oxidation of methane, nonlinear phenomena can arise. These
phenomena include the temperature oscillations at high pres-
sures,42 the appearance of cool flames,101"103 and the existence
of a region where the reaction rate has a negative temperature
coefficient.104 It is natural to assume that similar regimes may also
arise in the oxidation of methane under other conditions that have
not yet been studied, for example, at high pressures.

The main sign of the existence of cool flames in the oxidation
of hydrocarbons is that a rapid increase in temperature is replaced
by the retardation of the process before the reactants have
undergone complete chemical conversion. The attainment of the
peak conversion rate is usually accompanied by the luminescence
of excited formaldehyde. Then the reaction either stops or,
conversely accelerates again, up to the hot ignition of the
mixture. Two or more cool-flame flashes can occur. In those
cases where the appearance of cool flame is followed by the self-
ignition of the mixture, the process includes at least two stages,
namely, the cool-flame stage and the hot-ignition stage.99-10°

Basevich et al.105 carried out mathematical modelling of the
homogeneous oxidation of methane under nonisothermal condi-
tions, with heat removal from the reactor surface, based on the
kinetic scheme for the oxidation of methane to methanol
suggested previously 34 (Table 7).

The calculations were first carried out for conditions under
which successive cool-flame oxidation and ignition have been
observed experimentally in methane - oxygen mixtures.101 At
initial temperatures To < 710 K, the reaction does not occur for
up to 700 s. In the temperature range To = 728-753 K, flashes
with incomplete heat evolution are observed and are followed by
retardation of the reaction, which is accompanied by a tempera-
ture drop caused by the cooling of the reaction mixture by the
reactor walls (Fig. 23). At To > 758 K, ignition occurs (the arrows
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Figure 23. Calculated reaction time dependences of the reaction tempera-
ture for methane-oxygen mixtures105 under the following experimental
conditions: [CH4]o = 67%, [O2]o = 33%, P = 0.92 atm. The numerals
denote the initial temperatures (K).
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at the ends of the curves denote a further increase in the
temperature). The calculations are in fairly good agreement with
the experimental results.101

There are almost no experimental data dealing with cool-
flame phenomena under the conditions of the high-pressure
oxidation of methane. Therefore, a series of calculations involv-
ing gradual transition to high pressures were performed in the
modelling, so that signs of the appearance of a cool flame could be
detected in each stage.105 The calculations were carried out for the
pressures Po - 1, 1.8, 4.6, 9.2, 18.4, 70, and 100 atm, at the
constant initial temperature To = 710 K, and at the initial con-
centrations [CH4]0 = 67% and [O2]o = 33%.

In the analysis of the results of modelling, a general rule
was discovered: an increase in pressure leads to the self-ignition
of the mixture, the ignition being achieved after progressively
shorter periods. Even intense heat transfer (within the limits of
reasonable heat-transfer coefficients) from the gas to the reactor
walls cannot stop ignition and cause a reverse temperature
variation, although it does increase the induction periods
(the times required for the development of the reaction before
self-ignition). However, the increase in temperature is accompa-
nied by explicit signs of the cool-flame stage. Fig. 24 shows a
typical dependence of the temperature of the mixture on reaction
time. When the time scale is expressed in seconds, there are no
signs of the appearance of a cool flame, and the curve can
seemingly be referred to a normal self-ignition process. However,
on the microsecond time scale one can see that, after t = 4.65 s,
the increase in the temperature to HOOK is followed by
retardation of the reaction, and the next flash occurs only
~ 10 us later. Thus, in the present case, the duration of the first
stage is 4.65 s and that of the second is ~ 10 us. Of course, it is
extremely difficult to detect these two stages experimentally.
The calculated kinetic curves and the time dependences of the
reaction temperature under the conditions of the self-ignition of
methane-oxygen mixtures at 70 atm are presented in Fig. 25.
A similar T(t) plot is also obtained in the absence of heat losses.
Further analysis showed that similar features are also observed at
low pressures, for example, under the conditions indicated in the
caption to Fig. 23 (at T ^ 750 K), when the ignition on the time
scale expressed in seconds seems to be a one-stage process.

The calculations were also carried out for Po = 100 atm and
the temperatures To = 683 —710 K, but for lower oxygen con-
tents, which is typical for the direct homogeneous oxidation of
methane to methanol. It turned out that, as the oxygen content
decreases, the signs of a cool flame become increasingly less clear-
cut and for [O2] *£ 5% they disappear entirely.

The elucidation of the mechanism of the appearance of cool
flames and the subsequent retardation of the reaction remains the
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Figure 24. Calculated reaction time dependences of the reaction tempera-
ture on time scales in terms of seconds (a) and microseconds (A) for
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Figure 25. Calculated kinetic curves (1-5) and reaction time dependence
of the reaction temperature (6) under the conditions of the self-ignition of
methane-oxygen mixtures at a high pressure.los [CH,t]o = 67%, [Oajo
= 33%, P = 70 atm, To = 710K. The maximum concentrations corres-
ponding to 1 on the ordinate axis (mol cm-3): (1) [H2O2] = 2.279 x 10~6;
(2) [CH3OOH] = 1.412 x 10"8; (3) [HO2] = 1.619 x 10"6; (4) [CH3O2]
= 2.156 x 10-7; (5) [H'] = 1.420 x 10~8. The maximum temperature
rmax on curve 6 is 2273 K.

most important problem. This is a very complex nonlinear process
involving critical phenomena, which is not amenable to a simple
interpretation. For example, it cannot be explained by the mere
shift of the equilibrium

CH; + o2 CH3OO',

methane-oxygen mixtures at a high
[O2]o = 33%, P = 70 atm, To = 710 K.

pressure.105 [CH4]o = 67%,

to the left with increase in temperature, although the
decomposition of the methylperoxyl radical certainly leads to a
decrease in its concentration and to a change in the reaction
mechanism, because in the first stage, prior to the appearance of
a cool flame, branching is accomplished primarily via methyl
hydroperoxide, whereas after the appearance of a cool flame, in
the high-temperature region, it occurs mostly via hydrogen
peroxide. Other reactions of methylperoxyl radicals are also
significant in the mechanism by which a cool flame arises.

It should be emphasised that a qualitative agreement between
the calculations105 and the experimental results lm was achieved
without any adjustment of the kinetic parameters of the model,
except that the pressure dependences of the rate constants for
some reactions were taken into account.34 No attempts to attain a
closer agreement with the experimental values were undertaken,
because the main task was to discover whether a kinetic descrip-
tion of phenomena of this type is possible in principle.

4. The influence of mixing of the reactants on the product
yield
In the kinetic modelling of the homogeneous oxidation of
methane to methanol, the transverse and axial diffusion processes
are usually neglected, for the sake of simplicity, even in the most
commonly encountered case where the initial reactants, methane
and an oxidant (oxygen or air), are mixed directly in the reactor.
However, some workers, for example, Gesser et al.,28 have noted
that it is very important to achieve the homogeneity of the mixture
in order to obtain a high yield of methanol. Therefore, the need
arose to find out whether or not the influence of mixing on the
main chemical reaction may be ignored and to identify the
conditions under which this influence is insignificant. This
problem has been analysed by Basevich et al.120

A very simple flow reactor was considered in which air is
supplied along an axial channel and methane is supplied along an
outer coaxial channel. Then the reactants are mixed and interact
to afford methanol. To simplify the complex two-dimensional
problem arising during the joint consideration of the transverse
(along the y axis) and axial (along the x axis) diffusion, these two
types of diffusion were considered independently of each other.
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In addition, the process was assumed to be isothermal, which is
fairly close to the actual conditions during the oxidation of
methane to methanol.

In the calculations with allowance for the transverse diffusion,
two further assumptions were made:

(1) the rates of entry of the reactants via both channels are
identical (isokinetic flow) and coincide with the flow rate in the
reactor;

(2) the concentration gradients along the x axis are small
compared with those along the y axis and may be ignored.

The initial distribution of the methane and oxygen
concentrations was specified as power functions taking into
account the position of the initial point in the reactor. The
location of the boundary between methane and oxygen corre-
sponded to the chosen ratio of [CH4] and [O2], and the time t
determined the position x of the cross-section being considered:
x = vt, where v is the flow rate of the gas in the reactor.

The modelling was based on the mechanism suggested by
Vedeneev et al.34 (Table 7) with some refinements.120 The prob-
lem under consideration is much more complex than the simple
kinetic problem for a homogeneous mixture, since in this case one
should take into account not only the chemical reaction but also
the diffusion of all the components. Hence, a space coordinate is
added to the time coordinate and the kinetic problem is solved
simultaneously at all the points in space specified by the plotting
step. Therefore, a number of additional expedients were used in
the calculations in order to reduce the size of the kinetic scheme
being processed and diminish the scale of the calculations.120

Two extreme gas flow regimes in the reactor were considered
separately. These are laminar flow (Reynolds numbers/? < 2000),
which corresponds to the normal conditions in laboratory
experiments, and turbulent flow (R > 2000), which is more
typical for industrial large-scale reactors. This large difference
between the conditions in the flow of the gas mixture and hence
between the mixing conditions in laboratory reactors and
industrial units permanently poses the question whether data
obtained in laboratory studies may be legitimately transferred to
industrial plants.

The calculations were carried out for the methane-air system
at a pressure of 100 atm and a temperature of 683 K in a reactor
4 cm in diameter with a central channel of variable cross-section
for the air supply. Typical results of the calculation carried out for
a laminar flow are presented in Fig. 26, which gives an estimate of
the spatial distribution of the methane, oxygen, and methanol
concentrations at various times.

In the initial moment,; = 0, the reactants are not mixed, the
concentration of the oxidant at the reactor axis [O2]o = 20.9%,
and the concentration of methane at the periphery
[CH4]o = 100%. For the chosen reactor size, this corresponds to
the [CH4]: [O2] = 33.6:1 ratio, typical for the DMTM process. At
consecutive times of 0.93, 2.40, and 3.90 s, the concentrations of
the components are affected by the diffusion of oxygen to the
periphery, by the diffusion of methane to the reactor axis, and by
the simultaneous chemical reaction producing methanol. The
distribution of the concentrations of all the other intermediate
and final products was also calculated.

From Fig. 26, it can be seen that the concentrations of the
reactants do not level off over the reactor cross-section in the time
interval under consideration: the methane concentration on the
reactor axis (y = 0) at the end of the process is only 58%, and that
of free oxygen is 12%. The time required for the reaction in the
homogeneous mixture to be completed (that is, the time required
for the consumption of 99% of the oxygen tr = 4.45 s) is
insufficient for the complete mixing of the reactants, i.e.
U < 'mix, where Zmjx is the mixing time. This accounts for the low
degree of conversion rj, which proved to be only 0.32%. The
selectivity with respect to methanol, £CH3OH = 47.6%, is also
lower than that in the homogeneous mixture, in which
SCHjOH = 50.2% (Table 8). In addition, during the oxidation of
methane with slow molecular mixing along the whole length of the
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Figure 26. Concentration profiles for some components of the methane
oxidation reaction in the transverse cross-section of a reactor with
molecular diffusion.120 P = 100 atm, T= 683 K, [CH4]:[O2] = 33.6:1,
air as the oxidant. Time (s): (1) 0; (2) 0.93; (3) 2.40; (4) 3.90.

reactor, large volumes of the mixture with an oxygen content more
than 5%, capable of self-ignition, are formed (Fig. 26), which
makes the process less stable.

In the case of turbulent flow, the diffusion coefficient, which is
the same for all the components, was calculated from the
equation121

D = svL,
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Table 8. Influence of the transverse diffusion of the reactants and of the
conditions in the flow of gas mixture on the degree of conversion of
methane and the selectivity of the formation of methanol.120

Flow

Laminar

Turbulent

r/s

2.27
4.45
6.87

2.27
4.45
6.87

[O2]o (%) n (%)a

0.52
2.61
4.7

0.52
2.61
4.7

a Supply of the reactants: A —joint,

A

0.86
2.87
5.14

0.86
2.87
5.14

B

0.19
0.32
2.5

0.89
2.66
5.0

B — separate.

SCHSOI

A

68.2
50.2
39.6

68.2
50.2
39.6

H(%)>

B

63.0
47.6
33.6

68.7
54.0
41.5

adopting the recommended values for the degree of turbulence
e - 0.03 and the scale of turbulence L = 0.35 d (d is the reactor
diameter). The calculations for a pilot unit31 (d= 4.0 cm, flow
rate v = 3 m s~') yielded D = 12 cm2 s~', which is greater than
the molecular diffusion coefficients by three orders of magnitude.

The distribution of the concentrations in the case of turbulent
diffusion at various times is shown in Fig. 27 under the same
conditions as in Fig. 26. In this case, the mixing is very rapid and is
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Figure 27. Concentration profiles for some components of the oxidation
of methane in the transverse cross-section of a reactor with turbulent
diffusion.120 P = 100 atm, T= 683 K, [CH4]:[O2] = 33.6:1, air as the
oxidant. Time (s): (/) 0; (2) 0.0015; ( i ) 0.014; (4) 0.029; (5) 0.9; (<5) 6.3;
(7)90.

completed in less than 0.9 s. During this time, less than 1 % of the
final quantity of methanol is formed. After that, the reactions
proceed in the resulting homogeneous mixture. In the example
shown in Fig. 27, the degree of conversion is practically the same
as in a homogeneous mixture (2.66%), and the selectivity with
respect to methanol SC H JOH = 54% (Table 8), i.e. the case where
'mix < U is realised. Thus, for turbulent diffusion, the degree of
conversion is similar to the corresponding value attained in a
homogeneous mixture and the selectivity is even somewhat higher.
This is natural, because the duration of the chemical reaction is
much greater than the characteristic time of the turbulence
(frequencies from 10 to 1000 Hz). Hence, the turbulence does
not influence the course of the reaction. The results obtained are
in agreement with the experimental data indicating that good
characteristics of the process are achieved when the reactants are
quickly mixed by jets, the velocity of which is close to the velocity
of sound.27 For rapid turbulent mixing, mixtures capable of self-
ignition exist only in the initial section of the reactor (Fig. 27); in
other words, the process is more stable than that involving slow
molecular mixing.

Calculations120 have shown that, for molecular diffusion
coefficients, axial diffusion has no influence on the DMTM
process. When the diffusion coefficients correspond to a turbu-
lent regime, the observed influence of axial diffusion is slight: the
concentration profiles shift somewhat along the axis to the left,
that is, to the entry to the reactor, and the yields of all the main
products virtually do not change.

Thus, the following conclusions can be drawn:
(a) kinetic modelling with no allowance for diffusion under

the conditions of rapid mixing provides a qualitatively correct
description of the chemical process and evaluation of the product
yields;

(b) when methane and oxygen are supplied separately, their
rapid mixing ensuring that the fmiX -C tT relation holds is a
necessary condition for a high degree of conversion of methane
and high selectivity of the formation of methanol;

(c) in the case of slow mixing, the process is less stable.

5. Modelling of circulation regimes in the oxidation
of methane
To make the DMTM process suitable for the industrial produc-
tion of methanol, one should increase the degree of conversion of
natural gas, while maintaining the high selectivity of the formation
of methanol. In reality, this can be achieved by conducting the
process according to a circulation scheme. In this process, reactive
gas-phase products (carbon monoxide and hydrogen and also
nitrogen, in the case where oxidation is carried out with air) can
accumulate in the circulating gases. This naturally influences the
characteristics of the DMTM technological process. To elucidate
the possibility of improving the characteristics of the process by
using a circulation scheme, the corresponding theoretical analysis
has been carried out with the aid of a special kinetic pro-
gramme.122 The kinetic model developed by Vedeneev et al.34

supplemented by reactions that take more precise account of the
interaction between the products formed, was used in the
calculations.

The methane oxidation process with product recirculation
includes three stages.

1. Methane and an oxidising agent (air or oxygen) enter the
reactor, where methane is oxidised.

2. The gases leaving the reactor are cooled and the liquid
phase containing the target product (methanol) is separated. As
this takes place, all the unstable intermediates decompose.

3. The gaseous products are partly discarded, and the rest is
mixed with fresh methane (which makes up for the lost liquid
phase and for the discarded part of the gas phase) compressed to
the operating pressure, heated, and injected into the reactor once
again, together with the oxidising agent.

The calculations were carried out for conditions close to the
optimal conditions for a flow-type process: a temperature of
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713 K, a pressure of 100 atm, a reaction time corresponding to the
consumption of oxygen (several seconds), and a constant oxygen
concentration at the reactor inlet of 2.2%.

The relative quantity of the gas being recycled X has the
greatest influence on the course of the process involving circula-
tion (1 = 0 means that all the gas is discarded, which corresponds
to a flow regime; A = 1 means that no gas is discarded, and stable
gaseous products are accumulated in the circulating gas, while the
methane concentration at the reactor inlet continuously
decreases). If oxygen is used as the oxidant, even a considerable
number of cycles JV carried out at X = 1 influences only slightly the
initial methane concentration [CFLJo (Fig. 28). Accordingly, the
quantity of methanol formed in each cycle decreases equally
slowly. The total amount of the methanol collected continuously
increases, so that at N = 30 its overall yield E[CH3OH] reaches
~30%. The only component that is also accumulated continu-
ously in the circulating gas is carbon dioxide (Fig. 29); its
concentration reaches 17%. The other gaseous products (carbon
monoxide, hydrogen, and ethane) are accumulated much more
slowly, because they are consumed during the reaction. The
concentrations of these compounds after 30 cycles are 2.4, 1.2,
and 0.17%, respectively.

The selectivity of the formation of methanol in the first pass
under these conditions is 57.2%. As the number of cycles
increases, SCH3OH decreases somewhat, but for N = 30 it is still
fairly high and amounts to 50%, so that on average
ScHjOH = 52%. The results obtained for 0 < X < 1 are inter-
mediate between those observed in the flow and closed-loop
(without discard) regimes.

Thus, when the circulation scheme is used, the degree of
conversion in one pass virtually does not decrease, the selectivity
decreases only slightly, but, in return, the overall quantities of
methane being converted and methanol formed increase sharply.
At X < 1, after a fairly large number of cycles have been carried
out, the system approaches a steady state in which the concentra-
tions of the reaction products at the end of each step remain
virtually constant. This corresponds to the realisation of the
circulation scheme in the steady-state regime. The higher the rate
of accumulation of the nonconsumable inert gases (carbon
dioxide and nitrogen), the larger the proportion of the gas,
which needs to be discarded (that is, the smaller the value of X)
and the smaller the number of cycles required for a steady-state to
be achieved. However, the degree of conversion of the initial
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Figure 28. Dependences of the initial methane concentration (/) , the final
current methanol concentration (2), and the overall yield of methanol (3)
on the number of cycles (N) at P = 100 atm, To = 713K, [O2]o = 2.2%,
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Figure 29. Dependences of the final concentrations of CO2 (1), CO (2),
and H2 (3) on the number of cycles (N) at P = 100 atm, To = 713 K,
[O2]o = 2.2%, [CH4]0 = 97.8%.122

methane diminishes correspondingly. The selectivity at steady-
state depends on the ratio between the steady-state concentrations
of methane and oxygen, which is determined by the value of X,
chosen from the standpoint of attaining the optimal yields of the
products.

The DMTM circulation scheme has also been modelled for the
case where air is used as the oxidising agent.122 The X parameter
was varied within limits ensuring a steady-state proportion of
nitrogen in the working medium (up to 60%).

It may be assumed that when the circulation scheme is used,
the energy expenditure is lower than in the flow regime, because in
the former case the quantity of mains gas that has to be brought to
the operating pressure is much smaller. However, the productivity
of the reactor diminishes due to the lowering of the steady-state
initial methane concentration and the decrease in the selectivity of
the formation of methanol. Therefore, the optimal version of the
circulation scheme should be chosen with allowance for particular
technical and economic conditions including the possibility of
utilising the discarded gases, for example, for heating the oper-
ating mixture, etc.

Thus, the modelling has demonstrated the possibility of
implementing the circulation scheme for the oxidation of me-
thane, in which the degree of conversion of methane increases by
more than an order of magnitude with no substantial decrease in
the selectivity of its formation.

VII. Technical and economic aspects of the direct
oxidation of natural gas to methanol
1. Prospects for the increase in the use of methanol and other
oxygenates
Methanol is among the main products of organic synthesis. The
constant intense development of its production is due to the
continuous extension of its applications, the main ones being the
production of formaldehyde, acetic acid, solvents, ethers, and
other chemicals.81-123 In the future, methanol may form a
universal basis for organic synthesis. It is finding an increasing
use in the production of high-octane components of motor fuels,
primarily, of methyl tert-butyl ether (MTBE).124 In the overall
world consumption of methanol in 1990 (19.6 million tonnes),
40% was due to the production of formaldehyde, 45% was due to
other chemical products, and 14% was accounted for by fuel
components.

From 1990 to 1995, the annual increase in the demand for
methanol in North America should reach 6.6%, while in the
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previous five years it was only 4.3%. The major part of this
increase is accounted for by the production of MTBE, necessary
to meet demands associated with protection of the atmosphere
against the pollutants arising during the combustion of automo-
bile fuels. The USA demand for MTBE in 1995 should be from 15
to 30 million tonnes. However, the production of oxygenates may
delay the introduction of clean fuels. Without new plants for the
synthesis of methanol, North America will experience a deficit in
the capacity for the production of methanol estimated as
4.7 million tonnes a year already by 1995.125

Whereas in 1990 the producers of formaldehyde were the main
users of methanol in the USA, already by 1995 from 38% to 55%
of methanol will be consumed for the production of MTBE.125

The boom in the consumption of MTBE in the USA cannot but
influence the world production of MTBE and methanol, since the
USA import not only MTBE but also the methanol and butane
necessary for its production.80 It is expected that in 1991-2000
the annual increase in the world consumption of methanol will be
5.6% and the increase in the consumption of MTBE will be
20%.80 Forecasts predict that by 2001 the overall consumption of
oxygenates will increase by a factor of 10 with respect to its current
levelI26 and the cost of their production will amount to 50 billion
dollars by 2000.127 In view of the fact that since 1995 more than
85% of the petrol used in the USA should contain oxygenates, a
global deficit of oxygenates, including methanol, and a rise in their
prices have been predicted.127

Methanol is an alternative to an oil distillate fuel. There are
examples of its use in power plants as a fuel for gas turbines.
Boilers can also run on methanol. The main advantage of
methanol over distillate fuels is that it contains no sulfur. The
possible consumers of methanol are power plants, transport, food
industry, metallurgy (reducing gas), and some other industries. In
certain cases, it is economically favourable to produce hydrogen
from methanol.123

The significance of methanol as one of the most promising
alternative fuels for transport has long been discussed in the
literature128"130 [see also the proceedings of the international
symposia on alcohol fuels IX ISAF, Florence (Italy), 1991;
X ISAF Colorado-Springs (USA), 1993]. If full advantage is
taken of the beneficial motor-fuel properties, primarily the high
octane numbers, of methanol, mixtures of alcohols and pet-
rol-methanol mixtures, these fuels become quite competitive
with modern petrols.128-131 Since automobiles can run on mix-
tures containing about 20% of methanol or other alcohols, the use
of these mixtures may become an important source of the energy
for transport.123

The energetic efficiency of the engine specially developed to
run on methanol is 30% higher than that of the analogous petrol
engine.131 Its environmental advantages are particularly attrac-
tive. However, the large-scale use of methanol is impossible
without a reconstruction of both the methanol-producing and oil
refining industries and, most of all, of the system of distribution of
automobile fuels.

As a response to the need to improve the environmental
characteristics of motor fuels, the so called 'reformulated gaso-
line' has been developed. This fuel contains additives such as
methanol, ethanol, MTBE, ETBE, mixtures of alcohols, etc.,
which has made it possible to increase the oxygen content in a
fuel to 3.7 %.132 Large-capacity production of MTBE already
exists in many countries and its world output in 1990 amounted to
8 million tonnes (13 million tonnes has been predicted for 1995
and 25 million tonnes for 2000).133 However, an important place
in the concept of ecologically clean fuels is occupied by the 'fuel
alcohols', that is, by mixtures of alcohols used either by themselves
or as high-octane additives to motor fuels.132'134 The fuel alcohols
consisting of methanol to which 20% - 30% of higher alcohols has
been added make it possible to increase the octane number and to
reduce the amount of harmful exhaust gases; their mixtures with
petrols do not separate into layers in the presence of water and
they are a real alternative to ethers.132-134 The production of these

fuels, unlike the production of MTBE and other ethers, does not
require the corresponding alkenes, which are themselves valuable
products and in limited supply.132

Methanol can be used to fuel an engine in a pure state, as an
emulsion in hydrocarbons, or as one of the components in a
separate fuel supply system. It can be preliminarily converted into
CO and H2 and into highly inflammable compounds (like
dimethyl ether). Finally, it can be converted in the presence of
catalysts (to obtain heat) or in fuel cells (to obtain electric energy).
At present, one of the most feasible schemes for the operation of
electric cars involves the catalytic conversion of methanol into
hydrogen, which supplies the vehicle-borne fuel cells.125

All the promising aspects of the development of environmen-
tally clean transport are associated in one way or another with the
use of alcohols, either directly in fuel mixtures or as intermediate
compounds in the synthesis of MTBE and other ethers. This raises
the problem of lowering the cost of methanol, which has so far
been neglected within the framework of the traditional technology
for its production via synthesis gas.83

Natural gas is almost unreservedly considered to be the main
raw material source for meeting the increasing demand for
methanol, although a sharp increase in the use of natural gas for
the production of methanol requires a thorough economic
analysis.135

2. Technical and economic estimates of the technological
process for the direct oxidation of natural gas to methanol
Extensive application of a new technology for the production of
methanol is impossible without serious economic prerequisites.
Some economic estimates of the effectiveness of this process have
been reported.67-87-136-138

Edwards and Foster 87 have reported an economic assessment
of the production of methanol by the direct catalytic partial
oxidation of natural gas with an output of 2000 tonnes per day.
If the selectivity of the formation of methanol is more than 77%,
the direct process undoubtedly proves to be more economically
viable than the traditional method. With regard to consumption
of heat and hydrocarbons, the effectiveness of the direct partial
oxidation of methane is also higher.136 It has been reported 67 that
methanol obtained by the direct oxidation would be 20%-30%
cheaper than the product obtained by the existing methods. Some
economic aspects have been discussed by Renesme et al.138 and
Crocco.139

According to economic calculations, the cost of raw materials
accounts for ~ 50% of the operating costs, however there exist
vast reserves including the casing-head gas, oil refinery gases, and
de-ethanisation gases, which now have no commercial value and
are burned in flares, thus polluting the environment.

The use of gases containing substantial amounts of higher
hydrocarbons would make it possible to decrease sharply the
pressure and the temperature of the process. The degree of
conversion of these gases in one pass can be as high as 20%,
instead of 3%-4% obtained in the oxidation of methane; the
efficiency may be increased further by using the circulation
oxidation scheme. In addition, this process may yield valuable
products, for example, iso-alcohols or aldehydes, in fairly high
yields, and the isolation of these products would recoup a
considerable part of the production costs.

The currently available technical solutions allow the selec-
tivity of the formation of methanol in this process to be increased
to 60% or more, and the process may therefore become nearly
profitable.

3. Technological scheme for the direct oxidation of methane
to methanol
The technological scheme for the DMTM is fairly simple, and this
is one of its main advantages. The catalytic version of the process
has been described in a paper cited above.87 A basic scheme for a
plant producing methanol by the direct gas-phase oxidation of
natural gas with a productivity of 10 000 tonnes of methanol per
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year, developed within the framework of the Russian state
programme 'Environmentally Clean Power Engineering' has
been reported.55 The plant is meant to satisfy the local needs of
the gas-industry for methanol and motor fuels. The project
involves the development and the subsequent commercial produc-
tion of self-contained modular units for the direct homogeneous
conversion of natural gas into methanol and provides for the
possibility of further transformation of methanol into a high-
octane petrol.

The process makes it possible to avoid the intermediate
formation of the synthesis gas, which is unfavourable from the
thermodynamic standpoint, and the equipment involved is rela-
tively simple. The project is based on a kinetic analysis 33~37 and
on the results of pilot tests on a unit with a production capacity of
100 tonnes of methanol per year.31 The main parameters of the
process are: pressure 5-10 MPa, temperature 380-480 °C
(depending on the composition of the gas), oxygen concentration
2.8%, degree of conversion of oxygen 95%-98%, yield of crude
methanol 20 kg per 1000 m3 of the input gas or 0.63 kg per 1 kg
of the converted gas.55

After being compressed to an operating pressure of
5-10 MPa and heated to 380-480 °C, natural gas enters a gas-
phase mixer, which also serves as the reactor. Oxygen (or air) is
conveyed to the same reactor at a pressure of 10 MPa. After the
reaction, the mixture is cooled in a heat exchanger and then
conveyed to a condenser, in which liquid products are condensed.
It then goes to an apparatus for the neutralisation of acids. After
that, the liquid phase is separated from the unreacted gas in a
separator. The resulting liquid product is concentrated in a
fractionating column. Simultaneously, the formaldehyde formed
is separated as an aqueous solution (formalin). The unchanged
gases are either discharged to a gas pipeline or reenter the unit
inlet. If there is an additional catalytic unit for producing petrol,
the crude methanol obtained is supplied directly to the inlet of this
unit. The degree of conversion of natural gas in one pass is less
than 3%. Since the process yields no significant amounts of
incombustible side products, the natural gas may be returned to
the gas pipeline or recycled.55

The unit is meant for the independent conversion of natural
gases into crude methanol, containing more than 90% methanol,
in remote gas fields where there is no developed infrastructure. It
does not require a complex repair base or highly qualified
personnel. The methanol produced is supposed to be consumed
at site as an inhibitor of hydrate formation in the extraction and
transport of natural gas and also for its direct conversion in a
second unit into petrol with an octane number of 93 (3300 tonnes
per year) and for other purposes. The formalin obtained as a side
product also finds application in the gas fields.

In the course of the implementation of this project, a number
of novel technological approaches were developed which allowed
the yield of methanol to be increased by approximately 30%. The
use of this technology (with the parameters already attained) in
remote or relatively inaccessible oil and gas fields is at least 30%
more profitable than the traditional method for the production of
methanol.

As noted above, when oxygen is used as the oxidising agent,
the content of incombustible impurities in the outgoing gases
hardly increases and the gas can therefore be returned to the
pipeline. In the case where this process is carried out just before the
gas is dispensed to the consumer, the best way is to use the cheaper
air as the oxidising agent.

The most significant drawback of the homogeneous partial
oxidation of natural gas to methanol at high pressures is the need
to maintain a low initial oxygen concentration (~ 3%) in order to
achieve a satisfactory selectivity of the conversion of methane to
methanol, and this precludes the possibility of attaining a
sufficiently high degree of conversion of natural gas in a single
pass through the reactor. It is therefore desirable to use a
circulation scheme to increase the overall degree of conversion of
natural gas.

4. The concept of small-capacity processes to meet the
regional and related industrial requirements for oxygenates
At present, there are reasons for establishing a new 'sub-branch'
within the structure of the gas-production industry, namely,
small-capacity gas-processing chemistry, based largely on the
production of methanol as the main intermediate compound.
The small-capacity technological plant designed as a set of units
(modular small-scale units, MSU) should be located in particular
gas fields taking into account the locally available raw materials
and the local needs for the hydrocarbon-based products.140

Estimates indicate that the operation over a period of 10-15
years of a MSU with a production capacity of ~ 3000 tonnes of
products per year requires that the natural gas resources in the
particular deposit be at least 0.3-0.5 billion m3 and ensure a gas
output of 30000 m3 per day over the whole exploitation period.
The vast majority of gas fields and newly found deposits comply
with these requirements.140

Of the 1195 deposits of hydrocarbon gases in the C.I.S.,
880 are small, their weighted average gas reserves being
~1.5 billion m3 per deposit.141 Connecting them to the main
pipelines is unprofitable, and they also cannot be used as a source
of raw materials for large-capacity chemical production. The only
means of the industrial exploitation of these deposits is the
processing at site of the extracted hydrocarbon raw materials by
using MSU. The MSU can also be applied at condensed gas
deposits, coal basins, which contain huge methane reserves, and
any other hydrocarbon reserves that can be converted into the
initial gaseous raw material, including biomass, the annual
reproducible world resources of which are estimated as
200 billion tonnes.140

The undoubted simplicity of the DMTM technological
scheme,55 compared with the traditional schemes for the produc-
tion of methanol or synthetic motor fuels via synthesis gas,81 the
weak dependence of the prime cost of the product on the
production output, and modest demands on raw material sources
are good prerequisites for the implementation of this scheme on
MSU. Up to 7% of the methanol produced in our country is used
to prevent the formation of gas hydrates during natural gas
extraction and transportation; the expected annual demand by
the gas industry for methanol in 2000 is 500 000 tonnes. The high
cost of the delivery of methanol to the main gas fields, far
exceeding its selling price, makes the conversion of natural gas
into methanol directly in the gas fields very attractive. At the same
time, these regions may be provided with motor fuels and with
formaldehyde — a side product of the process.55-140

Thus, the use of MSU for the direct processing of natural gas
in gas fields in order to provide the corresponding regions with
methanol and motor fuels proves to be intimately connected with
the technological implementation of the DMTM process. The
DMTM process realised as MSU may manifest its technical and
economical advantages well before it finds an application in the
large-capacity chemical industry.

VIII. Promising aspects of the scientific research
dealing with direct oxidation of natural gas to
methanol
In many countries, large investments are made in state and private
research aimed at the effective use of the abundant natural gas
resources.142 The main purpose of these studies is to increase the
effectiveness of the most promising processes for the production
of methanol and higher hydrocarbons, which are potentially
competitive with the traditional petroleum refining.

The research activity was greatly promoted by the discovery
made in 1982 of catalysts ensuring high yields of ethane and ethene
in the oxidative condensation of methane. In recent years, studies
on the catalytic conversion of natural gas have been mostly
concerned with the overcoming of kinetic barriers, which
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apparently restrict the yields of C2 hydrocarbons in the oxidative
condensation of methane to ~25%. 7 5 ' 1 1 8 This is sufficient to
maintain interest in the scientific research but too low for the
practical realisation of the process.

Regarding the direct gas-phase oxidation of methane to
methanol, the challenge now is to reproduce on the pilot scale
the high (up to 70% - 80%) selectivity of the process for the fairly
high (more than 5%) degrees of conversion, which have been
achieved in some laboratory studies.28'38-41'43>45 These results, if
obtained on the industrial scale, would permit the development of
an undoubtedly profitable process.

Therefore, clear identification of the conditions or search for
process regimes, which may lead, in principle, to such results, is a
fundamental goal of the studies. In our opinion, this can be done
by investigating periodic and cool-flame regimes in the oxidation
of methane, in which the product yields may differ fundamentally
from those obtained in other known regimes. The high degree of
nonlinearity of the mechanism of the oxidation of methane
(Section V) and the known data concerning the appearance of
periodic phenomena, hysteresis, and cool flames during its
oxidation (Section III, 8) make it possible to rely on the
possibility of achieving in open reaction systems (among which
are flow-type reactors143) steady-state oxidation regimes that
have not yet been investigated, or those regimes which can be
stabilised artificially by means of additional physical or chemical
effects. This assumption is supported by the existence of several
steady-state and oscillatory regimes in the oxidation of the near
homologues of methane,20 including ethane.144 Since in such a
complex system (the oxidation of hydrocarbons is apparently
among the most complex systems, if biological processes are
excluded143), a fortuitous experimental discovery of new regimes
can hardly be expected, the main efforts should be concentrated
on the analysis of the most realistic models (in the first place, on
the stability of the regime).

The above problem is closely connected with the practically
important task of analysing the stabilities of the known steady-
state regimes in the case where the process is carried out in
industrial-scale reactors. There are lots of reasons for the
instability of a chemical process in an open system, for the
appearance of non-steady-state regimes, pulsations, and oscilla-
tions, which may become dangerous. Therefore, conditions
should be found in which the process would be so stable that any
random fluctuation of the composition, temperature, and pres-
sure would decay rapidly.

Yet another promising line of research is the study of the high-
pressure oxidation of methane homologues, their mixtures, and
the real natural gases, because the direct oxidation of gaseous
hydrocarbons containing high proportions of methane homo-
logues may provide appreciable technological and economic
advantages. In our country, there are huge resources of these
gases of both natural and industrial origin (ethane-containing
natural gases, casing-head gases, refinery gases, de-ethanisation
gases, etc.). The proportion of ethane-containing gases in the total
explored gas resources is 30.5%,145 and the amount of petroleum
gas with high proportions of ethane, propane, and butane burned
in flares every year reaches 12-15 billion m3.146 Since raw
materials account for more than 50% of the production cost,87

the use of gases of low value with high proportions of methane
homologues can enhance sharply the economic effectiveness of the
process and extend the range of its feedstock.

Evidently, the study of the influence of external parameters
and gas composition on the detailed composition of the products
as well as the search for various methods for its correction,
including the subsequent additional catalytic treatment and
partial isolation of products in order to obtain mixtures of
standard composition and commercial products, will be of great
importance.

The development of sufficiently predictive quantitative kinetic
models of the high-pressure oxidation of methane homologues

and the development of a model of the oxidation of the real
natural gases based on them are also very important scientific
tasks.

IX. Conclusion
Through the experimental and theoretical studies carried out for
many years on the partial oxidation of methane and its homo-
logues at high pressures, the chemical fundamentals of the direct
synthesis of methanol and other oxygenates have been developed.
The current level to which the technological process has been
developed, its relative simplicity, its flexibility regarding produc-
tion output, and its low power and capital requirements give this
process in some cases real advantages over the traditional methods
for the synthesis of methanol. The rapidly increasing demand of
the world market for cheap methanol and other oxygenates and
hence for flexible and highly-profitable methods for their produc-
tion dictate the need to intensify the scientific research designed to
discover the fundamental paths leading to the enhancement of the
selectivity of the formation of methanol and of its yield in this
process to the level of absolute profitability, to extend the range of
raw materials by involving poorly utilised sources of gaseous
hydrocarbons, and to develop optimal schemes for the organisa-
tion of the process.

This review was written with the financial support form the
Scientific Counsil of Russian SSTP "Novel Principles and
Methods of Preparation of Chemical Compounds and
Materials".
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Abstract. The overall results of the study of hydrophosphorane
compounds as ligands for metal complex synthesis and catalysis
are summarised and discussed. The principal types of
coordination of hydrophosphoranes, the structure of their
metallo-derivatives, and the possible mechanism of the complex
formation reaction are examined. The prospects for the
employment of hydrophosphoranes in modern coordination
design are demonstrated. The bibliography includes 102
references.

I. Introduction
The current range of phosphorus-containing ligands is excep-
tionally varied and in many respects determines the progress in the
field of metal complex design. Many phosphorus-containing
ligands are involved in the construction of tens and perhaps
hundreds of coordination compounds. Thus the Cambridge
Structural Database contains information about the structures
of 720 complexes based on one of the simplest organophosphorus
compounds — triphenylphosphine,1 and this does not constitute
the maximum information available since new studies are being
regularly published. After all, there has been no flagging of
interest for more than 30 years in perhaps the most popular P,
N-bidentate ligand — 2-diphenylphosphinopyridine. We may
also point to the outstanding range of complex chiral systems
which have found application in asymmetric catalysis.2'3 Overall,
the stream of information about the coordination compounds of
phosphorus has recently assumed an avalanche-like character.
Nevertheless, the notable event which occurred towards the end of
the 1970s is outstanding even against this background — the
introduction into practical metal complex synthesis of a
fundamentally new class of phosphorus-containing ligands —
hydrophosphoranes.
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P—N H—F

At first sight, the structure of hydrophosphoranes contains no
potential donor centres—their phosphorus atom has no lone pair
(LP) and those of the nitrogen and oxygen atoms should be
involved in pn-dn conjugation with the d orbitals of the
phosphorus atoms. However, these compounds are in fact the
most variable phosphorus-containing ligands capable of P-, N-,
P,N-, P,O-, and N,N-coordination. Furthermore, many new
metal complexes have been obtained precisely in the study of the
reactivities of hydrophosphoranes (HP), whereupon a whole
series of unusual coordination polyhedra were synthesised. Any
complex reaction involving hydrophosphoranes is a nontrivial
phenomenon in coordination chemistry from the standpoint
both stet its products and of the initial compounds. Indeed
hydrophosphoranes can quite justifiably be called paradoxical
ligands: they are formally incapable of binding Lewis acids but
exhibit an extremely wide range of coordination possibilities.

Nowadays hydrophosphoranes constitute an independent,
unique class of phosphorus-containing ligands. They have
occupied this position as a result of deliberate efforts by two
leading research teams: the French school under the leadership
of Professor Riess, who were involved in the initiation of
the coordination chemistry of hydrophosphoranes, and the
American school led by Professor Lattman.

The reactivity of hydrophosphoranes has been investigated
in considerable detail from the standpoint of organophosphorus
chemistry and several thorough reviews have been published
on this topic (see, for example, Nifant'ev and Kukhareva4).
However, many new data concerning the formation of complexes
by hydrophosphoranes have appeared since their publication and,
furthermore, the data on the chemistry of hydrophosphoranes
presented in these reviews are either very scanty56 or are
invoked merely to illustrate certain fundamental concepts:
the relation between organometallic and coordination
chemistry,7 the characteristics of phosphoranide coordination,8

the characteristics of complex formation in systems with a
phosphorus-nitrogen bond,9 and the structural characteristics
of metallated phosphoranes.10 The present review is the first
attempt at a systematic consideration of the coordination
properties of hydrophosphoranes and of their role and position
in the series of phosphorus-containing ligands. We have
tried to compare the reactivities of various groups of
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hydrophosphoranes, to differentiate within each group the
principal types of bonding to the central atom, to discuss certain
spectroscopic features (primarily 31P NMR and IR spectroscopic
data concerning metallo-derivatives of hydro-phosphoranes), and
to indicate the prospects for the use of hydrophosphoranes in
modern coordination design.

The data presented in this review have been divided
into sections in accordance with the number of phosphorus-
containing rings in the initial hydrophosphoranes and the nature
of the junctions between them: bicyclic systems (condensed and
spiro-systems) were examined initially and then tricyclic and
tetracyclic systems.

II. The formation of complexes by bicyclic
hydrophosphoranes

1. Processes involving bicyclic aminophosphoranes with
condensed rings
Complexes of bicyclic aminophosphoranes (BAP) with condensed
rings containing Rh, Pd, Ru, Mo, W, Fe, and Co are known at
present. In the arrangement of the data for this part of the review,
account was taken primarily of the nature of the central metal
atom. An attempt was made to demonstrate strikingly the
principal types of coordination of the ligands under discussion
and as far as possible to reflect the history of the development of
the branch of the chemistry of hydrophosphoranes considered. In
view of the last factor, the discussion is initiated by considering
compounds of platinum metals.

a. Rhodium complexes of bicyclic aminophosphoranes
A communication'' concerning the coordination of BAP, which
in historical terms proved to be the first group of ligands of a
fundamentally new class, was published in 1978.

A general scheme for a possible tautomeric equilibrium
involving BAP was presented'' and, although only forms with
pentacoordinate phosphorus la,b were detected spectroscopically
in solution, the presence of two donor centres—the phosphorus
and nitrogen atoms in the potential phosphocane tautomers
l'a,b — led the authors to carry out complex formation reactions
with BAP.

' i_ N ' R

Ph*

ry
P NH RPh—P NH

la,b

ry

l'a,b

Ph

R = H (a) (Phoran), Me (b)

It was found that compounds la,b react rapidly under mild
conditions with [Rh(CO)2Cl]2 ( P : R h = l : l ) , forming com-
pounds 2a,b in yields exceeding 95%.
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Figure 1. The structure of complex 2a.

We may note that the IR and 31P NMR spectroscopic
parameters [especially v(CO), v(RhCl), and the spin-spin
coupling constants (SSCC) '/(P,Rh)] quoted for complexes 2a,b
are typical (taking into account the nature of the phosphorus
centre) for mononuclear chlororhodium(I) carbonyl compounds
with various chelating P,N-bidentate ligands.12"14 On the other
hand, the chemical behaviour of complexes 2a,b differs
appreciably from that of the rhodium complexes with trivial
phosphorus-containing ligands. Thus the formation of a 2:1
complex is not observed on interaction of compounds la,b with
[Rh(CO)2Cl]2 in the molar proportions P:Rh = 2 : l . The
reactions of compound 2b with an excess of triphenylphosphine
affords /ranj-[RhCl(CO)(PPh3)2] with displacement of the
P,N-bidentate ligand, but this time in the form of the initial
pentacoordinate structure lb and not the phosphocane form l'b.

X-Ray diffraction study of complexes 2a,b (Fig. I)15 revealed
distances between the rhodium atom and its nearest neighbours
typical of those for chelate chlororhodium carbonyl compounds
with P,N-bidentate ligands as well as normal intramolecular
C1--H —N hydrogen bonds. The phosphorus-nitrogen atom
distances of 2.793 and 2.788 A (for compounds 2a and 2b
respectively), are much less than the sum of the van der Waals
radii (3.4 A). This indicates the occurrence of the intramolecular
P- • N attractive interaction.

Ethene-containing analogues of compounds 2a,b, formed by
the reaction of compounds la,b with [Rh(C2H4)2G]2 in the molar
proportions P: Rh = 1:1, are also known. The same reaction, but
with a molar ratio of P : Rh = 2 :1 , leads to the cationic com-
plexes [RhL2]

 + Cl~ (L = bicyclic aminophosphorane) with a cis-
configuration of the phosphorus atoms. We may note the
presence of the N —H---C1~-H —N hydrogen bonds between
the nitrogen centres of the coordinated phosphocyclanes and the
counterion.

The interaction of [Rh(CO)2Cl]2 with a series of new BAP
(compounds 3a-f) was investigated subsequently.16-17

H H

Ph

>-N
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Ph'
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Compounds 3c-f were synthesised in a homochiral form
from L-alaninol or D-ethylalaninol. The rhodium complexes
[RhCl(CO)L] obtained from compounds 3a- f have the same
structures as complexes 2a,b mentioned above, which follows
from their 31P NMR and IR spectra: <5P = 147-161 ppm,
'/(P.Rh) = 180-190 Hz; v(CO) = 1995-2003 cm"1 , v(RhCl)
= 280-300 cm"1 , v(NH) = 3190-3203 cm"1. One of the
possible diastereoisomers of the complex based on the
phosphorane 3c, used as the catalyst of the enantioselective
hydrogenation of (Z)-a-acetamidocinnamic acid with a chemical
yield of 92% and an optical yield of 18%, has been isolated by
fractional crystallisation from solution in acetonitrile.

Catalysis involving rhodium complexes of BAP merits special
consideration. They are all coordination systems of the metal in
a 'cradle' type, formed by the phosphocane bound as a
P,N-bidentate species. The more labile nitrogen centre under
these conditions is the hydrophilic NH group, capable of binding
a proton in the course of the catalytic cycle. The binding of a
proton is accompanied by the freeing of a coordination vacancy at
the central atom. These structural features make it possible to
regard the rhodium derivatives of BAP as promising metal
complex catalysts. Several attempts have been made to use such
compounds as catalysts. In particular, in the hydroformylation
of hex-1-ene, complex 2b ensures under comparable conditions
a higher degree of conversion than RhCl(CO)(PPh3)2

(85% and 52% respectively).16 The cationic systems
[Rh(CO)L(MeCN)] + PF^", obtained from compounds 2a,b and
AgPF6 in acetonitrile, catalyse the hydrogenation of (Z)-a-
acetamidocinnamic acid to JV-acetylphenylalanine.18 The yield of
the product was not indicated.

The hydrogenation of hex-1-ene in the presence of the ethene
complex [RhCl(C2H4)L] has been investigated in detail.19 It was
shown that its activity in hydrogenation and isomerisation is
somewhat superior to that of the familiar Wilkinson catalyst
RhCl(PPh3)3. This applies particularly to the isomerisation
process. The above feature is due to the role played by the
nitrogen centre in the catalytic cycle, since the monohydride
complex formed with its participation is in fact the true catalyst
of the isomerisation of the alkene.

[RhCl(C2H4)L]
2H2

-C2H6

O

'Solv

Ph

:Rh;
So lv^ ^ S o l

|
Ph

NH2C1-

Overall, the study of the catalytic properties of the rhodium
derivatives of BAP has been fragmentary and limited. Thus, in the
light of the latest advances in asymmetric catalysis,3 it is evident
that the hydrogenation of the prochiral precursors of aminoacids
is by no means the only field where rhodium complexes with
P,N-bidentate optically active ligands can be used. Apparently,
this catalyst may be expected to exhibit a much higher
asymmetrising activity in, for example, hydroformylation and
isomerisation processes. One thing is clear, the search for a due
place for BAP in modern metal complex catalysis (especially
enantioselective) has only just begun and requires further efforts.

The study of the interaction of compound la (Phoran)
with [Rh(COD)Cl]2 (COD = cycloocta-l,5-diene)—a familiar
precursor of active catalytic systems—is of special interest in
this connection.20 The reaction is monitored by IR, 31P NMR, and
UV spectroscopic methods.

[Rh(COD)Cl]2 + 2
n
P—N

D
la

[Rh(PhP NH)2]+ [Rh(COD)Cl2]- la
- C O D '

2[Rh(PhP NH)2]
 +

Ph
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V

Excess la

Ph

6

Complex 4, formed initially with the phosphocane coordina-
ted as a P-monodentate species, is subsequently transformed into
the unusual ionic adduct 5 with a as-disposition of the
phosphorus atoms in the cation, which has been characterised by
X-ray diffraction. The v(NH) absorption band of a single crystal
of complex 5 is in the region of 3190 cm~'. Only one N—H--C1
hydrogen bond was detected under these conditions. It is of
interest that a further two forms of compound 5, characterised
by v(NH) frequencies of 3205 and 3215 cm ~ ' , have been isolated.
According to the authors, the difference between the v(NH)
absorption frequencies is due to the different orientations of the
cation and the anion in the crystals of these forms.

The indication of the P-monodentate binding of the phospho-
cane in complexes 4 and 6 is of fundamental importance.
However, this important conclusion appears inadequately
justified. Firstly, these compounds were not isolated from the
reaction mixture. Secondly, the spectroscopic data presented are
clearly insufficient for a rigorous demonstration of their structure.
Thus the structure of compound 6 was postulated solely on the
basis of UV spectroscopic data. For complex 4, it is possible to put
forward a structure in which the coordination number (CN) of
rhodium is five with a consequent apical coordination of the
amino-group. Such a structure does not conflict with the
spectroscopic parameters of this complex: <5p = 140.0 ppm,
•y(P,Rh) = 210 Hz; v(NH) = 3140 cm"1, and 2max = 404 nm.
Indeed such a low v(NH) frequency is more likely to indicate
direct coordination of the nitrogen centre to rhodium than the
presence of the N—H---C1 bond involving a noncoordinated
amino-group.

HN PPh

V
(COD)Rh

Cl

Considerable attention has been devoted to the detailed study
of the reaction of BAP with another rhodium catalyst popular in
metal complex synthesis and catalysis — [Rh(CO)2Cl]2. A series of
chelate chlororhodium carbonyl complexes, obtained by the
interaction of various BAP with this precursor, have already
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been mentioned. An important discovery was made in the course
of a detailed study of this process with participation of BAP such
as Phoran21 and especially Me4-Phoran:22 the stable dinuclear
rhodium(I) complexes 7 with one chloride bridge were obtained
unexpectedly.

H

> — N + [Rh(CO)2Cl]2

Me4-Phoran

P:Rh = 1:2 Cl(CO)2Rh

P:Rh = 1:1
OC

Compound 7 was characterised by 'H and 31P NMR and IR
spectroscopic methods, by field desorption mass spectrometry,
and by X-ray diffraction. The N—H--C1 intramolecular hydro-
gen bond between the nitrogen centre and the chloride ligand of
the [Cl(CO)2Rh] fragment was detected. The distance between the
phosphorus and nitrogen atoms (2.705 A) is appreciably shorter
than in complexes 2a,b, which indicates a more pronounced
attractive N---P interaction in the case of complex 7. The further
reaction between complex 7 and Me4-Phoran leads to a
mononuclear complex. It is of interest that the coordination of
unsubstituted Phoran is not quite so selective, since for the molar
ratio P : Rh = 1:2a mixture of products is formed: compound 2a,
already known, and an analogue of compound 7, namely
[Cl(CO)2Rh(u-Cl)Rh(CO)(Phoran)]. Attempts at a preparative
separation of the latter product were unsuccessful.

A general mechanism of the interaction of BAP (L) with
[Rh(CO)2Cl]2 has been proposed.

The dirhodium complex with one chloride bridge is a stable
intermediate in this process on the way to chelate mononuclear
compounds.
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Study of the reactivity of complex 7 revealed an appreciable
stability of the chloride bridge:23 reactive compounds such as O2,
CO, CO2, CS2, CH3I, CH2 = CH2, and H C s C H do not interact
with compound 7 even under conditions of thermal or
photochemical activation. Only Bu'NC or activated alkynes are
capable of modifying the structure of this unusual dinuclear
complex.

Bu<

T
Rh,

O;

I
Bu"

P ^

Ph

RCsCR

R = CO2Me, CO2Bu, CF3

In considering the structures of new rhodium compounds
'H, 13C, and 31P NMR and IR spectroscopy and, in the case of
the tert-butyl isocyanide derivative, 15N NMR spectroscopy were
used. In the last case, direct binding of the nitrogen centre of
the phosphocane to the metal was demonstrated by use of the
naturally abundant 15N isotope and the INEPT method
[<5N = -370.0 ppm, '/(N,Rh) « 2/(N,P) « 11.8 Hz]. This is an
extremely rare and elegant experiment involving the application of
15N NMR spectroscopy to determine the nature of the
coordination of the P,N-containing ligand. We may note that the
study of Brun et al.23 is the latest of a series of studies carried out
over a decade and devoted to the rhodium derivatives of BAP.

Summarising, we may note that chelate P,N-bidentate
coordination of BAP in the phosphocane form is characteristic
of rhodium. There exists indirect evidence for the possibility of
their P-monodentate binding, but this type of coordination has
been established reliably only in relation to complexes of other
transition metals.

b. Ruthenium and palladium compounds
We are aware of only one study24 devoted to the interaction
of BAP (specifically Phoran) with the ruthenium complex
CpRu(CO)2Cl.

The ionic complex 9, which according to 'H and 31P NMR
spectroscopic data is in equilibrium with the neutral complex 8,
was isolated from the reaction mixture in an almost quantitative
yield. The ion-exchange reaction between NaBPlu and compound

H

Ph
—N + ij5-CpRu(CO)2Cl

- C O

NH
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OC
ci-

9 afforded an analogue of the latter complex, containing
tetraphenylborate as the anion. Its deprotonation by treatment
with MeLi at -100 °C leads to the amide adduct 10, which is
stable only at low temperatures, being transformed gradually at
20 °C into the phosphoranide complex 11.

20 °C

The structures of complexes 8-11 have been established by
means of 'H and 31P NMR and IR spectroscopy and, in the
case of compounds 10 and 11, by comparing their 31P NMR
spectroscopic parameters with those of the Mo- and W-contain-
ing analogues, which have been investigated in detail by X-ray
diffraction. Later in this review we shall discuss further the
characteristics of the phosphoranide type of binding of BAP to
metals. For the moment, we may note that Vierling et al.24

postulated the existence of equilibrium (even at —100 °C)
between complex 11 and its isomers 11' and l l" with
P,O-bidentate or P-monodentate phosphoranide coordination.

Ph.

Cp(CO)Ru
?—N andJ > N

û  | \

11' 11"

Like ruthenium and rhodium, palladium is capable of
P-monodentate and P,N-bidentate binding of BAP in the
phosphocane form. In particular, the reaction between
[CH2CMeCH2PdCl]2 and Phoran ( P : P d = l : l ) affords a
complex mixture of isomers.25

Ph

Ph
NH

The IR spectrum of the reaction solution contains three
absorption bands at 3400, 3280, and 3200 cm"1 , corresponding
to the NH group, the highest frequency band referring to the
noncoordinated amino-group of complex 12. It has been sug-
gested that complexes 12 ' and 12 " are stabilised by the formation
of intramolecular hydrogen bonds. There is apparently a dynamic
equilibrium between the three isomers, as a consequence of which

a poor resolution is observed in the 31P NMR spectrum. On the
whole, one may agree with Agbossou et al.25 that a more correct
description of the reaction under consideration requires
additional studies.

Apart from complexes 12, 12', and 12", the chelate cationic
complex 13 is also known.

BF4"

13

According to conductimetric data, complex 13 is an electrolyte
of a type intermediate between 1:1 and 1:2. This is apparently
associated with the existence of equilibrium between complex 13
and the dimer [CH2CMeCH2Pd(u-L)2PdCH2CMeCH2] (BF4)2, in
which the phosphocane ligands are of the bridging P,N-bidentate
type. The high activity of complex 13 in the catalysis of the
oligomerisation of butadiene is noteworthy (a mixture of Cg,
C12, and Ci6 products with 100% conversion was obtained).

It has been stated26 that an unstable palladium phosphor-
anide derivative 14 is formed.26

Cl

Cl

')) + 4Phoran
Et3N

Since the structure of complex 14 was postulated solely on the
basis of 31P NMR spectroscopic data, further experimental data
for its confirmation appear necessary.

Summarising, we may note that the ruthenium and especially
the palladium derivatives of BAP are represented by few examples
and have been investigated fairly superficially. This field of BAP
coordination chemistry still awaits its investigators.

c. Cobalt and iron complexes
We are aware of only one complex formation reaction between
BAP and a cobalt compound, namely [Co(NO)2Cl]2.

27> 28

±[Co(NO)2Cl]2 + Phoran
ON yC\

Co
ON

15

According to X-ray diffraction data, although the distance
between the P and N atoms in the phosphocane ring (2.978 A) in
complex 15 is greater than in the case of the chelate rhodium
complexes 2a,b, it is again appreciably less than the sum of the van
der Waals radii. By virtue of the noncoordinated peripheral
amino-group, compound 15 enters into an interesting reaction
with carbon dioxide, leading to the formation of the carbamate-
like adduct 16.28

During storage under an argon atmosphere, complex 16
gradually loses the CO2 group with regeneration of the initial

Ph—
6 C

>
ON NO

16
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compound 15. The reversible binding of CO2 observed here
models to some extent biosynthetic carboxylation processes with
participation of biotin.

In contrast to the cobalt-containing complexes, the iron-
containing BAP complexes have been investigated fairly widely.
The first step in the study of their chemical properties already led
to the discovery of the unique reversible migration of the phenyl
group from phosphorus to the metal without change in the
oxidation state and the coordination number of the latter.29

The deprotonation of complex 17 [obtained from CpFe(CO)2Br
and Phoran], carried out for the synthesis of a phosphoranide
derivative, led to the formation of complex 18 with a
bicyclophosphoramidite ligand.

LiMe

17 18

The structure of complex 18 has been demonstrated by X-ray
diffraction. The deprotonation process is reversible: the passage of
gaseous HC1 through a solution of complex 18 in tetrahydrofuran
(THF) in the presence of NH4PF6 regenerates complex 17 with a
60% yield. It has been suggested that the transannular N -»P
interaction in the structure of complex 17 facilitates the 1,2-shift of
the phenyl group attached to the P—Fe bond. Subsequently a
similar reversible migration was observed 24 also for a homologue
of Phoran (compound A),where precisely the carbon atom which
had been previously linked to phosphorus was found to be bound
to iron, which agrees well with the concept of a 1,2-sigmatropic
shift of the aryl group.

As a result of the successful choice of the initial iron
compounds, it proved possible to obtain, via a two-stage
synthesis, systems with bridging P,N-bidentate binding of the
phosphocane ring.30-31 We may note that this type of unusual
coordination of BAP was observed for the first time. Complexes
with the P-monodentate coordination of the ligand were obtained
initially.

Fe(CO)2(NO)2 + Phoran —»-

P:Fe= 1:1*• Fe(CO)(NO)2[PhP(OCH2CH2)2NH]

19

P:Fe =
Fe(NO)2[PhP(OCH2CH2)2NH]2

20

A weak broad v(NH) absorption band at 3400 cm"1 ,
characteristic of a noncoordinated secondary amino-group, was
observed in the IR spectrum of compound 19. Two weak, narrow,
v(NH) bands at 3400 and 3300 cm"1 were recorded for complex
20, the presence of the latter band being tentatively attributed to
the existence of intermolecular hydrogen bonds. Subsequently the

dinuclear and trinuclear iron complexes 21 and 22 were obtained
from complexes 19 and 20.

Fe(NO)2

ON NO
19 V /

OC P NH—Fe(NO)2I
Ph 21

ON NO

20
I(NO)2Fe—HN P P NH—Fe(NO)2I

Ph Ph
22

Unfortunately compounds 21 and 22 have been studied
inadequately. Thus only fragment peaks were detected in their
mass spectra, although an extremely mild method (chemical
ionisation) was used. Nothing is said in the communication of
Mordenti et al.31 about attempts to determine the molecular
structures of compounds 21 and 22 by independent methods.

The peripheral amino-groups in complex 20 are capable of
coordinating various Lewis acids, for example the proton (in the
HCl-NaBPh 4 -EtOH system) or BPh3.32 In the latter case, an
interesting three-centre adduct of the P —Fe—P type (compound
23) was obtained from BAP.

Ph

(NO)2Fe

P NH—BPh3

P ~ " N H — :BPh3

Ph 23

The structures of compounds 20 and 23 were established by
X-ray diffraction. A tetrahedral coordination of the iron atom
was observed in both cases. The distances between the phosphorus
and nitrogen atoms in the phosphorus-containing rings are 3.647
and 3.616 A for compound 20 and 3.590 A for compound 23,
which appreciably exceeds the sum of the van der Waals radii. The
conformations of the phosphocane rings in compounds 20 and 23
can be described as 'chair-boat'.

The O---H —N hydrogen bond involving the amino-group of
one molecule and the nitrosyl oxygen atom of another was
detected in complex 20. It had been postulated previously on the
basis of IR spectroscopic data. A weak N - H - - - N contact was
also found. These hydrogen bonds apparently actually stabilise
the novel ligand conformations.

Iron phosphoranide complexes are also known. In particular,
such an adduct has been detected by 31P NMR spectroscopy as an
intermediate in the unprecedented process involving the
reorganisation and migration of the allyl group from phosphorus
to iron.34-35
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V>
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Cp(CO)2FeBr

NaBPh4
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*y BPh*

LiMe

-60 °C

SP = 222 ppm,
v(CO)= 1965 cm"1

Cp(CO)Fe!

25

Cp(CO)Fe'

26

5p = 80 ppm,
v(CO) = 1910 cm"1

The coordination of the allyl-substituted BAP (compound 24)
leads not to a cr-allyliron complex, which might be formed as a
result of the direct migration of the allyl group from phosphorus
to iron, but to the cr-vinyliron compound 26 as a result of the
isomerisation of this substituent accompanying the transfer
process. The phosphoranide adduct 25 is stable in solution only
at temperatures below 0 °C. At 60 °C, it is fully converted into
compound 26 in 1 h. The structure of complex 26 was established
by 'H, 13C, and 31P NMR and IR spectroscopy. Whereas the
migration of the phenyl group is known to be a reversible process,
the reverse transfer of the vinyl group from iron to phosphorus is
not observed even when complex 26 is treated with hydrogen
chloride. It has been suggested that the phosphoranide
coordination of compound 25 increases the electron density on
the metal and hence its basicity, activating the insertion of iron
into an allyl or vinyl C — H bond with the subsequent 1,3-shift of a
proton and dissociation of the P — C bond. In fact the decrease in
the v(CO) frequency by 55 cm"1 on passing from the cationic
complex to the phosphoranide adduct 25 agrees well with an
increase in electron density on the iron atom in the adduct. Thus
the migration of the allyl group differs radically both from the
transfer of the phenyl group (accompanied by dissociation of the
P —C bond alone) and from the known orf/zo-metallation
reactions (involving only the insertion of the metal in a C — H
bond).

Apart from the allylphosphorane 24, several further related
BAP were used to investigate the fine details of the migration of
organic groups from phosphorus to iron.35

Phv

?—N • p N—N

The interaction of these compounds with Cp(CO)2FeBr leads
in the first stage to ionic complexes and then to phosphoranide
complexes.

Cp(CO)2Fe—

Cp(CO)Fe

Br-
NaBPh4

R

p Q
BPhJ MeU > Cp(CO)Fe I O.

The phosphoranide complexes exist in solution only at
temperatures below 0 °C. It is of interest that the iron-containing
analogue of the ruthenium amide intermediate 10 has not been
detected spectroscopically even at —100 °C, apparently as a
consequence of its short lifetime. Since the structures of the
phosphoranide complexes have been discussed only on the basis
of 31P NMR and IR spectroscopic data, one cannot rule out the
possibility of the existence in solution of their isomers with
P-monodentate and P,O-bidentate coordination, analogous to
the ruthenium derivatives 11 and 11'.

An attempt to isolate the iron phosphoranide compounds led
to their further reactions. The complex with a methylallyl group
rearranges smoothly after refluxing in THF for 1 h into the
cr-vinyliron compound (like compound 25), while the remaining
compounds form complex mixtures of products under these
conditions.

Thus the study of the iron complexes has been an important
stage in the development of the coordination chemistry of BAP:
the P-monodentate and P,N-bidentate bridging types of binding
of the phosphocane forms have been clearly demonstrated and a
series of phosphoranide adducts have been characterised
spectroscopically.

d. Molybdenum and tungsten compounds
Virtually all the data obtained on the formation of complexes by
BAP with molybdenum and tungsten compounds refer to
molybdenum complexes. There are very few tungsten adducts of
BAP. In particular, the interaction of compound 3c with
M(CO)6 (M = Mo, W) at 120-150 °C for 24 h leads to the
products M(CO)5L with P-monodentate coordination of the
phosphocane.16 The use in this process of the sterically less

f/5-CpMo(CO)3Cl

Phoran

f75-CpMo(CO)3H

Phoran

OC Mo. <^\
ci \ y>

/p ^ -
Ph
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hindered ligand Phoran made it possible to obtain the
disubstituted compounds M(CO)4L2, but complexes of the type
M(CO)4L in which the phosphocane is bound as a P,N-bidentate
species have not been obtained.

Both P-monodentate and P,N-bidentate coordination has
been achieved by employing more reactive molybdenum
compounds initially.36 All these complexes were investigated by
IR and 'H, 13C, and 31P NMR spectroscopy, mass spectrometry,
and by vapour phase osmometry.

The deprotonation of compound 27 by treatment with LiMe
(ether/THF, 60 °C) leads to a molybdenum compound with
P,O-bidentate phosphoranide coordination of the ligand.37

<5p = 23.8 ppm,
v(CO)= 1925 and 1835 cm- 1

28

This is the first example not only of the phosphoranide type
coordination of BAP but also of the synthesis of a metallated
phosphorane.10

It has been shown by X-ray diffraction that the P—O bond
involved in the formation of a three-membered metallocycle is
significantly lengthened compared with the second P—O bond
(1.893 and 1.653 A). We may note that the usual BAP geometry is
retained in complex 28: the oxygen atoms being axial and the
nitrogen atoms and the phenyl group equatorial.

The first transition metal complex containing the N—P — M
cyclic fragment was synthesised by the deprotonation of
compound 27 with methyllithium under mild conditions (THF,
-20°C).3 8

<5p = 43.9 ppm,
v(CO)= 1945 and 1855 cm- 1

According to X-ray diffraction data, the P—N bond in
complex 29 is one of the longest (1.91 A) of this type. The
equatorial orientation of the oxygen atoms, unusual for trigonal-
bipyramidal phosphorus, and the axial orientation of the phenyl
group are also noteworthy. It is of interest that complex 29
isomerises readily to complex 28 (on heating in solution in THF
to 60 °C). When hydrogen chloride was passed through a THF
solution of complex 29, an analogue of complex 27 was obtained
in a quantitative yield (the counterion is the chloride anion). The
tungsten analogue of compound 29 has also been obtained.

The dimeric molybdenum complex Cp(CO)2Mo=s
Mo(CO)2Cp has also been resorted to in order to investigate the
coordination of BAP. In this case, the lack of information about
its interaction with potentially chelating ligands and also the
presence of the highly reactive Mo = Mo bond are of interest. It
has been found that the reaction of this complex with Phoran leads
to two main products—30 and 31.39>4°

Both substances were characterised by 'H, 13C, and 31P NMR
and IR spectroscopy and by field desorption mass spectrometry,
while complex 30 was characterised in addition by X-ray
diffraction. Compound 30 was the first example of the direct
substitution of a CO ligand in Cp2Mo2(CO)4 with retention of the
Mo = Mo bond and at the same time it was the first BAP complex
where the P-monodentate coordination of the phosphocane form
was confirmed by X-ray diffraction.

A methylated analogue of compound 30—the complex
(CsMe5)Mo2(CO)3L — has been synthesised and investigated41

by X-ray diffraction. Its synthesis requires more severe conditions
and the yield is much lower than that of compound 30. This is
associated with the large steric factor for the ^-CsMes ligand
compared with tj5-CsHs. The special importance of molybdenum
in the coordination chemistry of BAP is noteworthy because
unique phosphoranide complexes with three-membered
metallocycles have in fact been obtained precisely with this metal
and characterised by X-ray diffraction.

e. The adducts of BAP with BH3

Apart from the formation of complexes between BAP and
transition metal compounds, the interaction of the former with
certain borane complexes has bean investigated. Thus the reaction
of Phoran with BH3 • SMe2 affords compound 32 as the main
product (for the molar ratio B: P = 2:1).42

BH3

The adduct 32 was characterised reliably by spectroscopic
methods: 'H, n B , and 31P NMR and IR spectroscopic, as well as
mass-spectrometric data have been published. The stereo-
specificity of the above reaction has been demonstrated because
compound 32 is characterised by a cw-disposition of the BH3
fragments relative to the phosphocane ring.

Special mention should be made of an unusual BAP, the
bicyclic skeleton of which contains condensed benzene rings.43

In contrast to Phoran, compound 33 exhibits a high chemical
stability: it does not hydrolyse, it does not undergo deuterium
exchange with D2O in the presence of either triethylamine or
toluene-p-sulfonic acid, and it does not react with the NaH/Mel
system. The phosphorane 33 hardly interacts with BH3 • SMe2. Its
reaction with BH3 • THF takes place in the course of a week and
leads to a complex mixture of products, among which compound
34 was identified by the 31P and n B NMR methods.

BH3

30 31 H The attempt to isolate compound 34 was unsuccessful: the
initial BAP was isolated in ~90% yield. Such a low reactivity of
compound 33 can be accounted for by the marked delocalisation
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of the lone pair of nitrogen through interaction with phosphorus
and the benzene rings (all four rings are coplanar). This stabilises
additionally the phosphorane structure in relation to the possible
phosphocane tautomer and is also responsible for the absence of
donor centres. Unfortunately we do not possess literature data on
the formation of complexes between compound 33 and transition
metals. In our view, it would be interesting in this instance to
compare the reactivities of compound 33 and other BAP, in the
first place Phoran, which would assist in a better understanding of
the mechanism of the coordination of hydrophosphorane
compounds.

f. The formation of BAP complexes in situ
There exists a nonstandard approach to the synthesis of BAP
involving the interaction, under mild conditions, of the
corresponding proton-donor reagent (ROH, ArOH,
with bicyclo[3.3.0]-1 -phospha-2,8-dioxa-5-azaoctane
organic solvent.4445 The BAP is then characterised
without isolation from the solution.

It is surprising that this very convenient method of synthesis
of a wide variety of BAP as potential ligands has been introduced
only quite recently into practice in coordination synthesis.
Compounds 35a,b have been synthesised by this method in
CH2C12.46

RO

R2NH)
in an
in situ

ROH + P N •—N

35a,b

R = Ph (a), Me

The addition of solutions containing compounds 35a,b to
[Rh(CO)2Cl]2 (P/Rh = 1 ) led to the formation of the chelate
mononuclear rhodium complexes 36a,b.

OC Cl

/ R h \ / H

RO—P N

Parameter

v(NH)/cm-]

v(CO)/cm-'
v(RhCl)/cm-'
<5P/ppm
'/(P,Rh)/Hz

Compound

36a

3230
2012
294
128.3
291

36b

3148
1996
300
133.5
26236a,b

Compounds 36a,b are insoluble in organic solvents, except
DMSO, but at 80 °C they undergo vigorous solvation followed by
degradation. For this reason, the final confirmation of the
structure of compounds 36a,b was achieved by 13C solid-state
NMR spectroscopic and ESCA methods.

The complex formation reaction between compound 35a and
Pd(COD)Cl2 resulted in the formation of a polynuclear palladium
complex with a bridging phosphocane ligand.47

The complex was characterised in detail by IR and 31P and I3C
NMR spectroscopy, ESCA, and ultracentrifugation; its
nonstereoregular structure was established.

We may note an important feature — in contrast to other
BAP, the coordination of compounds 35a,b leads to complexes
with a phosphite, and not phosphonite, phosphorus centre.

WO(OCH3)4

H3CON

yP—N + [WO(OCH3)2]B

Hi >

It is of interest that a reaction formally the reverse of the processes
mentioned above had been achieved earlier.48

The formation of the free phosphorane is treated as a result
of the intracomplex oxidative addition of methanol to the
N-coordinated phosphoramidite catalysed by the traces of H +

present in the reaction medium.
It follows from the foregoing that the BAP function either

as precursors of the phosphocanes (chelating or bridging) bound
via P-monodentate or P,N-bidentate linkages or as P,N-
or P,O-bidentate phosphoranide ligands. In the coordination
of BAP in the phosphocane form, the differentiation of
P-monodentate and P,N-bidentate binding is made feasible by a
reliable criterion—the absorption frequency of the NH group
in the IR spectra of these complexes. Thus a wide range of
vibrational frequencies (3050-3320 cm~') is characteristic of the
coordinated amino-group, but the unusually high values of
v(NH) = 3280-3320 cm- 1 are observed only in the spectra
of the cationic compounds and are associated with the presence
of a positive charge on the metal atom, while the anomalously low
frequencies 3050-3080 cm"1 are known only for [RhL2] + Cl~,
which contains strong hydrogen bonds with the counterion. On
the other hand, the typical values of v(NH) are in the range
3140-3260 cm - 1 . The free peripheral amino-group is charac-
terised by the frequency range 3340-3400 cm""1. Occasionally a
decrease to 3300 cm"1 is observed owing to the participation of
this group in hydrogen bonds.

2. Processes with participation of hydrospirophosphoranes
a. Rhodium complexes of hydrospirophosphoranes
Hydrospirophosphoranes (HSP) constitute the most thoroughly
investigated group of hydrophosphoranes,49 but their coordina-
tion chemistry began to develop comparatively recently.50-51

37a,b

R = H (a), Et (b)

As in the case of BAP, the first transition metal complexes with
HSP ligands were those of rhodium.

«37a,b + 0.5«[Rh(CO)2Cl]2
-nCO

(CO)RhCl H2NCHRCH2OP I

38a,b

H

n = 4 (a), 6 (b)
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It has been established that processes involving HSP are much
slower than those involving organic phosphorus(m) ligands.
Thus, in complex formation with the oxazahydrospirophospho-
rane 37a, the residual signal of this ligand persists in the 31P NMR
spectrum of the reaction solution for 30 min even at 20 °C,
whereas in complex formation with the aminophosphite under
the same conditions the free ligand signal is recorded only at
- 70 °C.52 It follows from the 31P and 15N NMR data (compound
37a with 96.4% enrichment in the 15N isotope) and IR
spectroscopy that the key factor in the coordination of HSP is
the opening of the oxazaphospholane ring with liberation of the
peripheral amino-group bound to the metal.

R

H2N

[Rh]

O.V
/

[Rh]

The polynuclear nature of these complexes, where the phos-
phorus-containing ligand functions as a bridging P,N-bidentate
species, has been established by sedimentation analysis of
solutions of compounds 38a,b in DMSO. The elementary units
of compounds 38a,b have //ww-orientation of the phosphorus and
nitrogen centres in the coordination sphere of rhodium. This is yet
another distinctive feature of the complexes based on HSP: the
chlororhodium carbonyl complexes of aminophosphites and
aminophosphoramidites are as a rule mononuclear with a
oil-disposition of the phosphorus and nitrogen atoms.52"54

Despite thorough investigation of complexes 38a,b, the
driving force of the formation of the polynuclear structures
remained unelucidated. It is also not known whether these
compounds are linear or cyclic oligomers. At the present time,
we are inclined to regard them as cyclooligomers, since signals due
to the noncoordinated phosphorus or nitrogen centres have not
been detected in the 31P and 15N NMR spectra.

The use of the chiral HSP 37b and 39 in the asymmetric
hydrosilylation of acetophenone by diphenylsilane [both ligands
were obtained from (./?)-2-aminobutanol] has been reported.55

H—

The 2L/[Rh(CO)2Cl]2 (L = compound 39) catalytic system
ensures an optical yield of the reaction product of 9%.
Unfortunately, the use of chiral HSP in asymmetric catalysis has
not received due development and only the studies concerned with
the synthesis and coordination of optically active HSP with a
catechol fragment have been continued.56 This concerns the
synthesis of the aminophosphite 40, which is in equilibrium with
its P(V) tautomer 40' (this is typical for aminophosphites and
aminophosphoramites with a secondary peripheral amino-
group), and also of the hydrophosphorane 41.

O '

NHPrj

40,93%

H—

The complex formation reaction between compound 40 and
[Rh(CO)2Cl]2 ( P : R h = l : l ) leads to the formation of the
dinuclear rhodium compound 42.

= ligand 40

It was shown that the structure of compound 42 contains the
N—H---C1 intramolecular hydrogen bonds. Under the same con-
ditions, the ligand 41 forms the mononuclear chelate complex 43.

Ph Ph

It exists in the form of two conformers: pseudotetrahedral
and pseudosquare, which follows from 13C NMR and IR spectro-
scopic data. The tendency of compound 43 to isomerise to the
form with a cw-disposition of the carbonyl and amino-groups in
the coordination sphere of the rhodium has been discovered.

In contrast to compound 41, the sterically less hindered HSP
44 forms a dinuclear, and no longer a mononuclear, rhodium
complex.57

We may note that compound 45 is perhaps the most
thoroughly investigated complex based on HSP: 31P NMR
(including the low-temperature version), 'H NMR, 13C NMR
(including the version in the solid state), 14N NMR, and 103Rh
NMR spectroscopy, IR spectroscopy, ESCA, and desorption
mass spectrometry were resorted to in the consideration of its
structure. The dissolution of compound 45 in acetone is accom-
panied by its reorganisation; fragments with a c/j-orientation of
the carbonyl and amino-groups at the rhodium atom appear in
solution and ultimately a polynuclear compound with n = 12

40', 7% [Rh(CO)Cl ^ P ^ N ^ j j

(according to ultracentrifugation data) is formed.
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In all probability, for the rhodium derivatives of HSP with a
catechol fragment there is a definite relation between the steric
factor associated with the ligand and the nature of the
coordination compound: less sterically hindered ligands give rise
to metal complexes with a larger number of rhodium centres.

The study58 of the interaction of 2,2'-spirobis(l,3,2-benzo-
dioxaphosphole) 46 with [Rh(CO)2Cl]2 is of special interest
because this is the only example of complex formation involving
tetraoxohydrospirophosphoranes. The HSP 46 is known49 to be
in equilibrium with its tricoordinate tautomer 46'.

H—

The rhodium complex formed with the ligand 46' in CH2CI2 is
a dimer with a rhodium coordination number of five (the rhodium
coordination polyhedron is a trigonal bipyramid with an apical
phosphorus atom).

OC

IOC—RhC

HO P C

h—CO
cr

47

I
CO

^ > OH = ligand 46'

The peripheral OH group is not then bound to the metal.
In the crystalline complex 47, the phosphorus-containing

ligands function as P-monodentate and P,O-bidentate species,
the phosphorus centre now occupying an equatorial position. It
has been suggested that the fragments

Rh(CO)2Cl > OH

can combine into a polynuclear aggregate as a result of the
bridging function of both the chloride ligands and the ligands
coordinated as P,O-bidentate species.

b. Palladium and platinum derivatives of hydrospirophosphoranes
At the present time, we know of only three metal complexes of
hydrospirophosphoranes. In particular, the reaction between
Pd(COD)Cl2 and the HSP 44 gave compound 48, which was
initially described as mononuclear.59 However, measurement of
the molecular mass of this complex by ultracentrifugation
revealed its hexanuclear nature.60

ci

48, <5P = 88.4 ppm

The terminal positions of the chloride ligands in the structure
of compound 48 have been reliably established by three
independent physical methods — ESCA, IR, and X-ray emission

spectroscopy. Hence it follows that the bridging ligands in the
polynuclear complex 48 are in fact the phosphorus—containing
ligands.

The polynuclear metal complexes 49 and 50 have been
synthesised by the reaction of the HSP 37a with M(COD)C12

(M = Pd,Pt).47-61

49: M = Pd, n = 4

50: M = Pt, n = 6

Their structures were established from 31P, 13C, and IR spectro-
scopic, ESCA, and flame-desorption mass-spectrometric data
and by sedimentation analysis.

Instead of the initial hydrospirophosphorane, its amide
derivative has been used62 in the complex formation reaction,
which led unexpectedly to the formation of a phosphoranide
adduct.

H—P:

The information accumulated hitherto on the coordination
behaviour of HSP permits the following conclusions: (1) these
ligands do not tend to undergo coordination of the phosphoranide
type and hence the spectroscopic parameters of their metal
complexes are close to those for compounds based on
organophosphorus(III) P,N-bidentate ligands—aminophos-
phites and aminophosphoramidites; (2) the majority of HSP
complexes are polynuclear, but the available data on the
molecular masses of the metal derivatives of HSP have been
obtained mainly in the study of their solutions, so that direct
structural investigations of solid-state specimens of these
substances are needed.

III. The formation of complexes by tricyclic
hydrophosphoranes
There are as yet few publications on this topic, but we are devoting
to it a separate section of the present review because it is one of the
most rapidly developing fields of modern coordination chemistry
of hydrophosphorane compounds.

In 1990 Vannoorenberghe and Buono63 reported the syn-
thesis of the first representatives of a new group of hydro-
phosphoranes— tricyclic hydrophosphoranes which they called
' triquinphosphoranes'.



236 K N Gavrilov, I S Mikhel'

OH HO

51a-d

R = H (a), Me (b), Pr1 (c), CH2Ph (d)

The 31P NMR spectrum of a solution of compound 51a in
deuteriated DMSO in the temperature range 20 to 80 °C did not
reveal the presence of the potential P(HI)-tautomer 5l'a.

It was shown that rapid pseudorotation is characteristic of the
'triquinphosphoranes', the difference between the conformational
energies of the trigonal bipyramid (TBP) and the square pyramid
(SP) being small—2.0 ± 1.5 kcal mol"1.

0 O O

SP

_ N R

R H

TBP2

of a stable monoborane complex, for which the structure 53 has
been proposed.

BH3

However, this structure is surprising, since no hydrophos-
phoranes in which an equatorial nitrogen atom functions as a
donor centre are known. Since the above communication64

contains no rigorous evidence for the structure 53, one may
suppose that the compound is more likely to have a structure
similar to that of the boron-containing adduct, mentioned above,
with an axial orientation of the P — N—B fragment.!

Subsequently the synthesis of yet another chiral 'triquin-
phosphorane' 51e (R = Et) was described.65 Despite the use of
the less reactive phosphorylating agent P(NEt2)3 and the fact that
the reaction was carried out without a solvent, the yield of
compound 51e proved to be not less than that of compounds
51a-d. The first transition metal complex with a tricyclic
phosphorane was obtained from compound 51e. The reaction of
compound 51e with Pd(COD)Cl2 (P: Pd = 1:1) proceeds under
mild conditions. According to 31P NMR data, phosphoranide
coordination of the ligand takes place in this complex.

There is no doubt that there are satisfactory prospects for the
coordination chemistry of 'triquinphosphoranes'. One can
postulate that, by varying the metallic matrix and (or) the
reaction conditions, it is possible to control the complex
formation process involving tricyclic hydrophosphanes and
achieve not only phosphoranide coordination but also other
types, for example,

P—K

It is extremely significant that one nitrogen atom in the TBP is
in the unusual apical position, so that it is displaced from the
pn-dn conjugation with the phosphorus atom and is an
independent donor centre. Indeed, the interaction of compound
51a with BH3 • SMe2 in the molar proportions P: B = 1:1 leads to
the formation of the stable crystalline adduct 52 in 90% yield.

5P = 24.5 ppm, lJ(P,H) = 820 Hz;

5B = 15.6 ppm, '7(B,H) = 93 Hz

We may recall that the P,N-bidentate phosphoranide
coordination of the BAP is also characterised by an apical
nitrogen atom.

The synthesis of tricyclic hydrophosphoranes from ephedrine
and compounds with condensed benzene rings has also been
reported.64 The latter hydrophosphorane is known in the form

IV. The formation of complexes by tetracyclic
hydrophosphoranes
The synthesis of a series of polycyclic and tetraamino-substituted
phosphorus compounds, two of which (cyclenPH and cyclamPH)
have found applications in coordination chemistry, was reported
in 1978.66-67

54 (cyclenPH)

t The P—N—B fragment in compound 53 does indeed occupy an axial
position, which has been demonstrated by X-ray diffraction (personal
communication by Dr Contreras).
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55a,

(cyclamPH), 82%

55b, 18%

Several years later, the structure of the hydrophosphorane
cyclenPH was refined with the aid of X-ray and electron
diffraction.68 This compound has the structure of a distorted
trigonal bipyramid with a large equatorial N—P —N angle
(137.9° according to X-ray diffraction data) as a consequence of
the small steric effect of the hydrogen atom. The anion of 54 with
Li+ as the counterion was described in the same study, while the
polymeric complex [Li(THF)cyclenP]M was investigated by X-ray
diffraction. The structure of this unusual compound merits a
detailed discussion because the coordination of compound 54 to
transition metals is achieved as a rule in the phosphoranide form.
Furthermore cyclenPH is the first hydrophosphorane for which a
direct structural comparison with the phosphoranide anion has
been carried out. We may note that the linking units between the
fragments in the polymer [Li(THF)cyclenP]« are lithium cations.
Despite the presence of a formal negative charge on the
phosphorus atom, lithium is bound directly to the axial nitrogen
atoms of two neighbouring fragments in this instance. This
indicates the greater nucleophilicity of the axial nitrogen atoms
compared with phosphorus. Furthermore, the axial bonds are
lengthened by 0.21 A compared with the initial cyclenPH and
exceed by 0.1 A the sum of the covalent radii. Overall, the
phosphoranide ion may be described as resonance hybrid of
three canonical forms:

Phosphoranide Phosphine Phosphenium ion

The contribution of each of these forms is determined by the
specific ligand environment at the phosphorus atom.

Although the study of the complex formation reactions of
tetracyclic tetraazahydrophosphoranes (TTP) was initiated
somewhat later than that of the BAP, at the present time two
representatives of this group of ligands (compounds 54 and 55)
proved to be the most thoroughly investigated among hydro-
phosphorane ligands. The complexes of the ligands 54 and 55 will
be considered simultaneously. The order in which they are
described is based on the structure of the product of the
coordination of the phosphorane and the type of complex-
forming atom. Reactions involving the simultaneous occurrence
of processes in which the hydrophosphorane structure is preserved
and transformed will be discussed in one section.

1. Coordination with retention of the hydrophosphorane
structure
a. Boron complexes
The pioneering communication concerning the coordination
possibilities of the hydrophosphorane 54 appeared in 1983. It
was found that the hydrophosphorane 54 readily reacts with
diborane to form complex 56 in an almost quantitative yield.69

H3B

Figure 2. The structure of compound 56.

Compound 56 has a high decomposition temperature and a
high stability in air, which distinguishes it favourably from the few
other borane adducts constructed from the usually unstable
strained phosphorus-containing structures. The monoborane
complex has not even been detected: when 0.5 mol of B2H6 is
added, the same compound (compound 56) is formed, whilst half
of the initial compound 54 remains unreacted. The difference in
the behaviour of the phosphoranes cyclenPH and Phoran in
relation to BH3 is determined both by the strong macrocyclic
effect, which in the case of compound 54 favours the formation of
the 'closed' form, and by the presence in compound 54 of the more
basic axial nitrogen atoms.

The interaction of cyclamPH with B2H6 was described in the
same study. It proceeds less unambiguously and leads to a mixture
of products, from which only two were isolated and identified:
compounds 57 and 58 (in 40% and 15% yields respectively).

N

57

Both compounds can be stored in the solid state for several
months without appreciable changes, but, when compound 57 is
allowed to stand at room temperature in a sealed tube in solution
in CD2CI2, it is fully converted into compound 58 in several weeks.

The structures of complexes 56 and 58 have been
demonstrated by X-ray diffraction.7071 The molecule of
compound 56 (Fig. 2) can be regarded as a trigonal bipyramid
with a slight deviation towards a square pyramid. Lengthening of
the apical P — N bonds and the shortening of the equatorial P — H
and P—N bonds compared with the initial cyclenPH is observed.
Although both BH3 groups are coordinated to the apical nitrogen
atoms, the B — N bonds are not located in a single plane owing to
the slight helical distortion of the molecule. It was established that
compound 58 exists in the form of only one of the two possible
diastereoisomers, in which the P—B and N —B bonds are in the
trans-positions relative to one another.

b. Transition metal complexes
Before beginning the consideration of transition metal complexes
of cyclenPH, we may note that one or both apical nitrogen centres
in the molecule of compound 54 can be easily protonated by
strong acids (for example, CF3CO2H or HBF4).
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On the other hand, the quaternisation reaction leads only to
the monoalkylated product even on treatment with an excess of
Mel.72

In order to synthesise N-linked metallo-derivatives of
cyclenPH, a study has been made 73 of its interaction with ZnCb
and CdCh. On the basis of spectroscopic data, similar to those
obtained for the monoprotonated and monoalkylated adducts,
the following structure was attributed to the zinc (compound 59)
and cadmium (compound 60) complexes of cyclenPH:

59: M = Zn

60: M = Cd

2 cyclenPH + Co2(CO)8
- C O

59,60

Attempts to isolate 1:2 compounds by treatment with an
excess of zinc or cadmium chloride were unsuccessful. Both
complexes give rise to derivatives on treatment with strong acids.
Thus treatment of compounds 59 and 60 with one equivalent of
HC1 led to the formation of compounds 61 and 62.

61: M = Zn

62: M = Cd

H

61,62

X-Ray diffraction of complex 61 showed that it exists in the
form of a 'head to tail' dimer stabilised by two N—H---C1
hydrogen bonds.

The interaction of compound 54 with cobalt, molybdenum,
manganese, iron and tungsten carbonyls and hydrides has been
examined in an extensive investigation.74 The reaction of
compound 54 with HWCp(CO)3 proceeds as an acid-base
process with formation of the salt 63.

Y -

63: Y = WCp(CO)3

64: Y = I

63,64

Its treatment with Mel leads to the replacement of the anion:
MeWCp(CO)3 and compound 64 are formed. Similarly to the
reaction involving compound 54, only fairly strong nitrogen-
containing bases (in particular NEt3) react with HWCp(CO)3,
whereas weaker bases, for example pyridine, do not react.

Here it is appropriate to mention that all the monoprotonated
nitrogen-monocoordinated cyclenPH adducts give rise to a single
signal in the 13C NMR spectra (at room temperature) in the range
42.8-45.0 ppm. However, the low-temperature (at - 7 6 °C) 13C
NMR spectrum of compound 64 contains five signals. These
spectroscopic features can be explained, according to Lattman et
al.74, by two different exchange processes: pseudorotation with
proton transfer between the nitrogen atoms and the dissociation
of the P — N bond in the P — N—H fragment accompanied by the
transfer of a proton and the reduction of the P —N bond.
However, the available data are insufficient for the identification
of these two mechanisms, although it has been stated66 that
compound 54 undergoes pseudorotation.

The interaction of compound 54 with metal carbonyl dimers
proceeds in a much more complex manner.

65 66

The salt 66 is stable in solution in THF at room temperature
under an inert atmosphere, but an increase in temperature to
55 °C leads to the spontaneous loss of H2 and CO molecules by the
salt and the formation of the covalent derivative 65. The
corresponding reaction of compound 54 with [MoCp(CO)3]2
affords analogous products: (cyclenP)MoCp(CO)2 67 and
(cyclenPH2)

 + [MoCp(CO)3] 68. However, in this case even
prolonged refluxing of a mixture of compounds 67 and 68 in
THF does not lead to the transformation of the salt into the
covalent derivative. The only product of the reaction of
compound 54 with Mn2(CO)io (refluxing in THF) which was
isolated proved to be the salt (cyclenPH2) [Mn(CO)s].

The covalent derivative of manganese analogous to
compounds 65 and 67 is apparently unstable under the reaction
conditions and decomposes, while the reaction of cyclenPH with
[FeCp(CO)2]2 does not occur at all even after prolonged refluxing
in THF or dioxane.

According to Lattman et al.74, the behaviour of compound 54
in the reaction with dinuclear transition metal carbonyls is very
similar to the behaviour of phosphines under the same conditions.
For example, the interaction of PR3 with Co2(CO)8 leads to the
initial formation of the salt [Co(CO)3(PR3)2] + [Co(CO)4]-, which
then loses a CO molecule and is converted into Co2(CO)6(PR3)2-
The structures of compounds 67, and later75 also of 65, were
confirmed by X-ray diffraction. Their principal feature is the
presence of the three-membered ring

M—P
\ / '
N

with a greatly lengthened P—N bond. Such compounds will be
examined in greater detail in the next section.

Thus the TTP are capable of both N-monodentate and
N,N-bidentate coordination to the corresponding Lewis acids.
Coordination of this structural type is reflected in the length of the
apical and equatorial bonds in the hydrophosphorane (the former
are lengthened and the latter are shortened) and is manifested
spectroscopically by a downfield shift of <5p and an increase in the
spin-spin coupling constants '/(P,H) in the 31P NMR spectra.

In a number of instances, N-monodentate and N,N-bidentate
binding is accompanied by the occurrence of parallel processes
leading to P,N-bidentate coordination. This is caused either by the
existence of a tautomeric equilibrium (as in the case of cyclamPH)
or by the nature of the initial metal complex.

2. Coordination with transformation
of the hydrophosphorane structure
a. Molybdenum and tungsten complexes
The first communication concerning the use of tetracyclic
hydrophosphoranes in coordination chemistry dates back to
1982.76 A series of molybdenum and tungsten complexes
obtained from cyclamPH are described in this paper and X-ray
diffraction data are presented for one of them. An extensive study,
in which all the aspects of the synthesis, reactivity, and structural
features of these compounds are analysed in detail, was published
much later (Scheme I).77

As stated above, cyclamPH exists as an equilibrium mixture of
the closed and open forms. On addition of this mixture of
the molybdenum and tungsten complexes, the equilibrium is
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55a + 55b

I CpM(CO)3Cl

Scheme 1

= w M = Mo

NH

70

NaBPh4

quantitatively displaced to the right and compounds 69 and 70 are
formed respectively. According to 3IP NMR and conductimetric
data, complex 69 exists in solution as a mixture of the covalent
form 69a (75%) and the ionic form 69b (25%).

Only complex 69a is present in the solid phase, which is
indicated by the v(NH) = 3297 cm"1 absorption band, charac-
teristic of a noncoordinated secondary amino-group. The
conductimetric data obtained for compound 70 also indicate the
absence of any appreciable amounts of the ionic product.
On treatment with NaBPlu, complexes 69 and 70 are readily
converted into compounds 71 and 72 respectively. Unfortunately,
compounds 71 and 72 have been less fully characterised
spectroscopically than compounds 69 and 70. Thus, in the
description of their IR spectra, the frequencies v(NH) are not
indicated. Furthermore, only dp =118 ppm is quoted for complex
72 without an indication of the value of the spin-spin coupling
constant './(P,W). The reactions of compounds 71 and 72 with
MeLi lead to compounds 73 and 74 with P,N-bidentate
phosphoranide coordination. Complex 73 can also be obtained

O

Figure 3. The structure of complex 73 (the r}5-Csiis ring has been omitted
for clarity).

73: M = Mo
74: M = W

from compound 69, but its yield is then low (20%), since in this
case mainly unidentified decomposition products are formed. The
transition to phosphoranide coordination is accompanied by an
appreciable upfield shift of <5P in the 31P NMR spectra (by more
than 170 ppm). In the IR spectra of complexes 73 and 74, the
frequencies v(CO) are reduced by ~ 5 0 c m - 1 compared with
compounds 71 and 72 as a consequence of the decrease in the
positive charge on the metal atom. The structure of compound 73
has been demonstrated by X-ray diffraction (Fig. 3). The
environment of the phosphorus atom constitutes an almost
regular trigonal bipyramid. Thus the N(l), P, and N(3) atoms lie
virtually on a single straight line (176°), while the angles in the
equatorial plane are close to 120°. The greater length of the
P - N ( l ) bond (1.85 A) and, conversely, the small lengths of the
remaining three P —N bonds are striking. The P —Mo and
N—Mo bonds have the usual lengths.

It is of interest that the structure of compound 73 shown an
unusual 'negative' distortion of the trigonal-bipyramidal
configuration, which means that it is not intermediate between
the ideal trigonal bipyramidal and square pyramidal
configurations.77

Several studies have been devoted to the complex of cyclenPH
with Mo(CO)6 and its reactivity.78"81 It was established78 that
treatment of compound 54 with the complex Mo(CO)6 in boiling
toluene affords HcyclenPMo(CO)5 75, in which cyclenPH is
linked to the metal only via the phosphorus atom.

,H
i5p = 116 ppm,
v(NH) = 3400cm-'

75

NMR and IR spectroscopic data indicate unambiguously the
presence of a noncoordinated secondary amino-group in the
structure of compound 75. However, treatment of it with HBF4
leads to the formation of a product with a pentacoordinate
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phosphorus atom, where both axial nitrogen atoms are
protonated, and not a simple ammonium salt.

—Mo(CO)5 BF4

The cause of such unusual reactivity was deduced with the aid
of X-ray diffraction. The geometry of the phosphorus atom in
compound 75 is unique: instead of the tetrahedral configuration, a
distorted trigonal bipyramidal coordination obtains (Fig. 4). The
Mo, N(2), and N(4) atoms are in the equatorial positions, whilst
the N(l) atom is in one of the axial positions. The other axial
position is occupied by the N(3) atom, which interacts with
phosphorus via the lone pair. Although P—N(3) = 2.356 A, a
distance which exceeds by ~0.4 A the lengths of the axial P—N
bonds in other cyclenPH derivatives, it is nevertheless less than the
sum of the van der Waals radii. A more important feature is that
the phosphorus atom is almost in the plane of the Mo, N(2), and
N(4) atoms, while the equatorial and axial N—P—N angles are
typical of those for other trigonal-bipyramidal derivatives of
cyclenPH, in which all four nitrogen atoms form with the
phosphorus atom bonds having 'normal' lengths. It is more
correct to regard the 'cyclenPH' fragment as a phosphoranide
zwitterion.

The reactions of compounds 75 with Lewis acids are unusually
sensitive to the nature of the acid. It has been reported79 that the
interaction of compound 75 with THF • BH3 affords the product
77, in which the coordination number of phosphorus is four and
there is an unusual conformation of the cyclenP ring.

H3B—N

77

O

Figure 4. The structure of compound 75.

The structure of compound 77 was established from 31P, 13C,
UB, and 'H NMR and IR spectroscopic data and was confirmed
by X-ray diffraction. Treatment of complex 75 with Me3O + BFJ
leads to the analogue 76, where one of the apical nitrogen atoms is
not protonated but methylated. Unfortunately, this structure has
been discussed only on the basis of 31P NMR spectroscopic data.

The interaction of compound 75 with CFaSChMe led to the
formation of two products—78 and 79.80

;p—Mo(CO)5

H

P—Mo(CO)5 CF3SOJ

78

The same compounds, 78 and 79, were isolated also after
carrying out the reaction with the molar ratio 75: CFsSCbMe
= 2 :1 . The authors put forward two different mechanisms of the
interaction of compound 75 with HBF4, methyl triflate, and
THF-BH3. According to the first mechanism, the Lewis acid
reacts initially with the lone pair of the second amino-group,
which is followed by proton transfer. This process is analogous to
the addition of alkyl halides to secondary amines.

RX + R2NH — - R3NH + X" ,

R3NH + X- + R2NH = ^ i R3N + R2NHjX- .

In the case of the complex with borane, the proton transfer is
unfavourable and the corresponding structure may be isolated.

The other mechanism involves the initial protonation of the
second axial nitrogen atom in the trans-position relative to NH.
This results in the immediate formation of the salt 76.

H3CO2C CO2CH3

The similarity of compound 75 to a secondary amine is also
indicated by its interaction with CH3O2CC3CCO2CH3 giving
rise to compound 80.

The structure of compound 80 was established by X-ray
diffraction. Overall, the complex formation reaction between
cyclenPH and Mo(CO)6 demonstrates the ability of the 'cyclen'
fragment to stabilise the trigonal bipyramidal geometry around
the phosphorus atom as a result of a transannular interaction.
This interaction is fairly weak and in subsequent reactions the
complex may behave as a secondary amine.

The deprotonation of compound 75 by BuLi led to the
formation of a phosphoranide adduct.81

:Mo(CO)4
Li4

81, <5P - 20 ppm

We may note that the transition from the transannular
P--NH contact in compound 75 to the direct P—N bond in
compound 81 is accompanied by a pronounced (96 ppm) upfield
shift of the <5p resonance signal of compound 81 compared with the
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signal of complex 75. The presence of both carbonyl ligands and
of a secondary amino-group in complex 75 makes it necessary to
think about the mechanism of the formation of complex 81. It is
well known that the reactions of metal carbonyls with alkyllithium
compounds lead to acyl complexes. If this reaction path is
followed, the acyl complex should split off pentanal with
formation of compound 81. However, if compound 75 undergoes
direct deprotonation by butyllithium with subsequent attack by
the nitrogen on the metal, butane and CO are formed. Since
butane was in fact isolated from the reaction mixture, the
occurrence of the process via the second path was confirmed.

We have frequently noted a fundamental feature of the three-
membered phosphoranide rings f—N — M, namely the presence
in the latter of a lengthened P —N bond, which, together with the
negative charge of the complex ion of compound 81, increases
significantly the reactivity of the compound. Thus the addition of
CIPPI12 to the latter leads to a derivative with two different
phosphorus atoms.

V Mo(CO)4

The structure of compound 82 was confirmed by IR and 31P,
13C and 'H NMR spectroscopic data and X-ray diffraction.
Treatment of compound 81 with H3CO2CC = CCO2CH3 also
induces the dissociation of the Mo — N bond, which results in the
formation of the metallated enamine 83.

CO2CH3

CO2CH3

—Mo(CO)4

Thus the reactions of tricyclic hydrophosphoranes with
molybdenum and tungsten complexes take place with
dissociation of the P —H and P —N bonds accompanied by the
P-monodentate binding of the ligand in the open form. The
products obtained may undergo further reactions accompanied
by the transition to the P,N-bidentate (including phosphoranide)
and the P-monodentate phosphoranide coordination of the
ligand.

b. Iron and rhodium complexes
In contrast to the bicyclic hydrophosphoranes, TTP have not been
widely employed in the coordination chemistry of iron and
rhodium. Only four iron and rhodium complexes with the
cyclamPH and cyclenPH ligands are known at present. The
interaction of cyclamPH with Fe(NO)2(CO)2 for different
ligand : metal molar ratios was investigated in the study 77 already
mentioned above. It was established that the reaction proceeds
with formation of monosubstituted or disubstituted products (84
and 85), in which the ligand is bound exclusively via the
phosphorus atom.

(NO)2(CO)Fe— P—N .

84

(NO)2Fe

85

The structures of these substances were confirmed by 31P
NMR and IR spectroscopic data as well as mass-spectrometric
data (chemical ionisation method). Compared with the initial
complex Fe(NO)2(CO)2, the IR spectra of complexes 84 and 85
exhibit a bathochromic shift of v(CO) (for compound 84) and
v(NO) (for compounds 84 and 85). This finding indicates that the
aminophosphoramidite ligand is a pronounced u-donor and a
weak ir-acceptor, apparently owing to the strong pn-dn
interaction characteristic of this compound. The presence of two
v(NH) bands in the spectrum of compound 85 (3120 and
3340 cm"1) may be caused, according to the authors, by
intermolecular hydrogen bonds.

The synthesis of the chlororhodium carbonyl complex 86 from
[Rh(CO)2Cl]2 and cyclamPH was described in the same study.

ocN ci
X

,N—P N—H

86

The 31P NMR and IR spectroscopic characteristics of
compound 86 are analogous to those of the rhodium(l)
carbonyl-containing complexes with P,N-bidentate ligands
already mentioned.

An attempt has been made70 to initiate the tautomeric
rearrangement of the phosphorane by treating cyclenPH with
the complex [Rh(CO)2Cl]2, which was unsuccessful. However, the
authors do not state what the particular result of this interaction
was, so that such a claim can be treated in extremely broad terms,
for example, as one implying the complete absence of the
occurrence of any reaction. Nevertheless, the latter appears most
improbable, since one is dealing with contact between a reactive
phosphorane and a reactive rhodium substrate, particularly since
cyclenPH interacts readily 82 with [Rh(PPh3)3Cl] with formation
of compound 87.

87

It was found that complex 87 reacts slowly (in two days) with
methylene chloride, affording the unique rhodium complex 88
with pentacoordinate phosphorus atom and the four-membered
r i n g P - N - C - R h .

Ph3P—Rh

The structures of compounds 87 and 88 were established by
use the 31P and 'H NMR methods, while that of compound 88
was further confirmed by X-ray diffraction. The coordination



242 KNGavrilov.ISMikhel'

polyhedra in complex 88 are a distorted octahedron for the
rhodium atom and a distorted trigonal bipyramid for the
phosphorus atom. The formation of compound 88 apparently
includes the oxidative addition of CH2CI2 to rhodium and a
subsequent rearrangement of the 'cyclenP' fragment accom-
panied by a change in the coordination number of phosphorus
from 4 to 5 and attack by the nitrogen atom on a carbon atom with
displacement of a chloride anion. It is of interest that a compound
similar to compound 88 is formed in CDCI3 immediately after the
dissolution of complex 87.

Thus the coordination of the tetracyclic hydrophosphoranes
to iron and rhodium proceeds with decomposition of the
hydrophosphorane structure of the ligand and by their
P-monodentate (in the case of iron) or P,N-bidentate (in the case
of rhodium) binding.

c. Platinum complexes
Platinum complexes are in fact most widely used in the study of the
coordination possibilities of tetracyclic hydrophosphoranes. An
impressive diversity of interconversions of complexes of one kind
into others has been observed for these complexes. However, only
cyclenPH has been used in most of these complexes; only one
compound with cyclamPH is known.

The pioneering communication83 published in 1987 discusses
an unusual reaction between cyclenPH and c«-PtCl2(PPh3)2.

2 cyclenPH + 2PtCl2(PPh3)2

Cl

- 2 P P h 3

ci-

89 90

The very high value of the spin-spin coupling constant
'7(P,Pt) = 5567 Hz for compound 90 (for compound 89, it is
3672 Hz) and the anomalously low frequency v(Pt — Cl) =
249 cm~' for complex 89 (for complex 90, its values are 275 and
300 cm"1) are noteworthy. Such a low frequency v(Pt—Cl)
corresponds as a rule to a considerable lengthening of the Pt — Cl
bond. Indeed, X-ray diffraction of compound 89 showed that the
Pt —Cl distance in this compound is 2.44 A. The geometry of the
'cyclenP' ligand in complex 89 is of the 'usual' type: the distance
from the phosphorus to the nitrogen atom in this three-membered
ring is very large (1.872A), whereas the length of the three other
P—N bonds are in the range 1.68- 1.70 A. Owing to the strain in
the metallocycle, all four bond angles in the plane of the platinum
square deviate appreciably from 90°. We may note that
lengthening of the Pt — Cl bond is as a rule caused by the strong
trans-influence of the corresponding substituent. However,
the authors did not decide to account for this anomaly by
the pentacoordinate state of the phosphorus atom, because the
frequencies v(Pt-Cl) in complex 90 and cw-PtCl2(PPh3)2 are
fairly close. In their view, long Pt —Cl bond and the low
frequency v(Pt — Cl) may be dictated to a large extent by steric
and/or electronic requirements of the three-membered metallo-
cycle. We shall return later to the analysis of this problem.

The reaction between cyclamPH and the dinuclear compound
[Pt2Cl4(PEt3)2] leads to the cationic complex 91,84

Cl- .

whereas the only product of the reaction of the same platinum
dimer with cyclenPH which has been isolated proved to be
complex 92.

x-

92: X = Cl-
93: X = PFj

Analogue 93 of compound 92 was obtained by ion exchange of
the latter with KPF6. The structures of the salts 92 and 93 are
similar to the structure of complex 90, but in the latter the chloride
ligands have the cis-configuration. In the determination of the
structures of compounds 91-93, the 1H, 13C, 31P, and 195Pt NMR
methods and conductimetry were used, whilst in the case of
compound 91 X-ray diffraction was also employed. All the bond
lengths in the first coordination sphere of the platinum atom in
compound 91 are within the standard ranges of values.
Unfortunately, the comparison of the complex formation
reactions of cyclenPH and cyclamPH with the same metallic
substrate was not developed further.

Subsequent studies were devoted to further reactions of
compounds 89 and 90. Thus their tendency towards the
interconversion has been demonstrated.85

89
2HC1

2NaOH
90

It is noteworthy that the monoprotonated intermediate was not
isolated or even detected in this reaction. Thus the interaction of
compound 89 with less than two equivalents of HC1 nevertheless
leads to the product 90 and part of the initial complex does not
react. This is apparently associated with the fact that the chloride
anion is a strongly coordinating ligand, which may displace the
mode of reaction towards double protonation. Consequently
the use of a noncoordinating anion can ensure the isolation of the
monoprotonated derivative. Indeed, the reaction of compound 89
with one equivalent of HBF4 affords compound 94.

•PPh3 BFI

The cation of compound 94 is apparently a key intermediate
in the conversion of compound 89 into compound 90. In fact,
treatment of compound 94 with HC1 results in the immediate
formation of the diprotonated adduct 95.

BF4

95

Furthermore, when a source of chloride ions (NaCl) is added
to compound 94, compounds 89 and 90 are formed. Taken all
together, the interconversions of complexes 89,90,94, and 95 can
be represented by the following scheme:
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2HC1
89 . 90

Scheme 2

2NaOH

HBF4 t NaCl

94

NaCl

HCI I

95

The structures of compounds 90 and 94 were confirmed by
X-ray diffraction. The phosphorus centre in complex 90 has the
configuration of a distorted trigonal bipyramid with lengthened
axial P—N bonds, while that in compound 94 has a distorted
tetrahedral configuration (Fig. 5). The dissociation of the P—N
bond increases the phosphorus—nitrogen distance to 2.775 A and
the P ( l ) - P t - N ( l ) angle by 28.2° compared with the analogous
angle in compound 89. The appreciable similarity of the ligand
structures in compounds 89, 90, and 94 indicates the tendency of
the 'cyclenPH' fragment to retain the trigonal bipyramidal
geometry.

Systematic studies of the reactivity of compound 89 towards
various nucleophiles and electrophiles were carried out
subsequently.86-87 The results are presented in Scheme 2.

The reactions of compound 89 with Na[Co(CO)4], NaSMe,
KI, and KBr afford the substitution products 96-99 respectively.
The NMR spectra of compounds 89, 98, and 99 are virtually
identical with the exception of small differences in dp and lJ(P,Pt).
The v(CO) frequencies in the spectrum of compound 96 are
significantly lower than in those of other compounds of the type
LCo(CO)4. This indicates a markedly ionic character of the
Pt—Co bond and the presence of a partial negative charge on
the Co(CO)4 group. In fact, the interaction of compound 96 with
Me3SiI leads to the formation of complex 98 and Me3SiCo(CO)4.

On the other hand, the reaction of compound 89 with
Ph2PCH2PPh2 leads to the substitution of a triphenylphosphine
ligand and the attempts to displace the chloride ligand outside the
coordination sphere of platinum by treatment with NaBPh* were
unsuccessful. Treatment of compound 89 with electrophiles such
as Mel and BunBr also leads to compounds 98 and 99. The
exchange reactions between platinum complexes and RHal
(Hal = Br, I), involving the exchange of chlorine at the platinum
atom, usually proceed via oxidative addition and reductive
elimination with participation of the metal atom. However, no
evidence in support of this reaction mechanism was found even in
a low-temperature experiment. An alternative to this mechanism
may be the formation of a ./V-alkylated derivative with subsequent
substitution of the halogen and the elimination of an alkyl halide.
Indeed, metallation of compound 89 by MeC>3SCF3 leads to the
salt 101, whilst its treatment with KI affords compound 98.

a

Figure 5. The structure of the cation of compound 94.

96-99

L = Co(CO)4 (96),
SMe (97), I (98), Br (99)

CH2PPh2

ti- orRL Ph2PCH2PPh2

89

MeO3SCF3

PPh3

HCsCPh/NaBPlu I

O3SCF3- BPhl

Very weak electrophiles do not react with compound 89. For
example, the interaction of compound 89 and HC = CPh does not
take place even in boiling THF. However, after the addition of
NaBPlu to the reaction mixture, compound 102 is formed.
Various possible mechanisms of the formation of compound 102
have been compared.87 According to the authors A'-protonation
takes place and is followed by the coordination of the alkyne with
substitution of the chloride ion.

It follows from the scheme presented above that anionic
nucleophiles substitute Cl~, whilst neutral nucleophiles
substitute PPI13. Cationic electrophiles with noncoordinating
anions attack the nitrogen atom, which leads to the dissociation
of the P—N bond, whereas electrophiles with coordinating anions
induce the dissociation of the Pt—N bond.

The structures of compounds 96, 98, and 99 have been
demonstrated by X-ray diffraction.88 The cause of the
lengthening of the P t - C l bond and of the low v(Pt-Cl)
frequency was again discussed in this connection. The cause may
not be solely the strain in the three-membered ring or solely the
strong trans-effect of the pentacoordinate phosphorus. According
to the authors, the principal difference between the structures of
compounds 89 and 90 consists in the orientation of the N—P — N
axis with participation of the axial nitrogen atoms: in the plane of
the platinum square in compound 89 and at right angles to this
square in compound 90. It may be that in the former case the
trigonal-bipyramidal phosphorus atom exerts a stronger trans-
influence. However, the question arises of the legitimacy of such
comparison, since in fact one is dealing with completely different
ligands: one nitrogen centre is coordinated in compound 89,
whereas in compound 90 both axial nitrogen atoms are
protonated. For this reason, the limited trans-influence of
'H2cyclenP' in complex 90 does not permit conclusions
concerning such influence of 'cyclenP' in compound 89.
Furthermore, in compound 90 'H^cyclenP' exhibits a fairly
strong trans-influence, although not as strong as in complex 89.
Indeed, the length of the Pt—Cl bond in the trans-position relative
to the phosphorus atom of'H2cyclenP' in compound 90 is 2.386 A,
whereas in compound 94 it is 2.353 A. The P t - C l bond in the
trans-position relative to the triphenyl phosphine ligand in
compound 90 is shorter still (2.343 A). The conclusion that the
/raw-influence of the pentacoordinate phosphorus atom is
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greater than that of the tetracoordinate phosphorus atom follows
from these data. Whereas the Pt —Cl distance in compound 94
may be regarded as 'normal' on the basis of the nature of the
phosphorus centre, in compound 90 the distance is anomalously
large.

It is also scarcely possible to agree with the treatment of the
unusually high spin-spin coupling constant '/(P,Pt) in complex
90 by Siriwardane et al.88 In their view, the bonding a orbital used
by phosphorus to form a bond with platinum is approximately
j/)2-hybridised. It was then concluded that the high level of .s
character leads to a high value of '7(P,Pt). However, increase in
the 5 character of the cr-bond should inevitably lead to the
shortening of the Pt—P bond. However, the Pt—P bond in
compound 90 is very long (2.289 A). Complexes of platinum with
phosphites are also characterised by high spin-spin coupling
constants '/(P.Pt) (from 5600 to 6000 Hz) and short P t - P
bonds (~2.20 A).89~92 Thus metallated phosphoranes exhibit
a whole series of spectroscopic and structural anomalies.
The characteristics established for complexes with trivial
organophosphorus(HI) ligands are not always confirmed in the
case of pentacoordinate phosphorus. Specific syntheses of a whole
series of homologous structures and a thorough spectroscopic and
structural study are apparently needed for the determination of
the mutual correlations.

In the latest experimental study93 devoted to platinum
complexes, investigation of the reactions of compound 89 with
various phosphines was continued. Thus the interaction of com-
pound 89 with Ph2P(CH2)2PPh2 afforded the ionic product 103.

x- X cr (103),
PFs (104)

103,104

The ionic nature of compound 103 was established both
spectroscopically and chemically: the exchange of the chloride
ion for PFg with formation of compound 104, which has 31P
NMR characteristics almost identical with those of complex 103,
was carried out. The structure of complex 103 differs sharply from
that of compound 100. It is extremely likely that the monodentate
coordination of the ligand Ph2PCH2PPh2 is associated with its
small chelate angle (73°), whereas in Ph2P(CH2)2PPh2 the angle
is 85°. In most cases, this difference is of no fundamental
importance. However, the presence of the three-membered
phosphoranide ring in compound 100 apparently inhibits the
formation of the second small ring. As already mentioned, the
attempts to coordinate the free phosphorus centre in compound
100 by treatment with NaPF6 or NaBPh* were on the whole
unsuccessful. This results in the formation of a mixture of adducts,
which could not be separated, but the authors93 nevertheless
postulated the formation of complex 105.

BPhJ

In support of their view, they quote only the values of 5p for
the three different phosphorus atoms and the spin-spin coupling
constant 2/(P,P). The spin-spin coupling constant '7(P,Pt) could
not be determined owing to the presence of numerous signals due
to impurities.

It was found that the free phosphorus centre in compound 100
can be coordinated via another path—the decomposition of the
three-membered ring. This aim was achieved by a procedure
already tested, by treatment with HBF4.

Again, as in the synthesis of compound 90, the monoprotonated
adduct could not be obtained.

The presence of the noncoordinated phosphorus atom in the
structure of compound 100 raised the possibility that interaction
with another metal complex would yield a heterobinuclear
compound. In fact, the reaction of compound 100 with
Na[Co(CO)4] led to the formation of the bimetallic complex 107
with a P t - C o bond.

(CO)3

. -Co >

The structures of compounds 106 and 107 were established by
X-ray diffraction. The geometry around the phosphorus atom in
compound 106 can be described as distorted trigonal bipyramidal
(Fig. 6). The lengths of the axial P — N bonds not only exceed by
0.25-0.30 A the lengths of the equatorial bonds, but they are also
greater than the sum of the covalent radii. Apparently only the
unusual geometry of the 'cyclenP' ring prevents the dissociation of
these bonds. Both N —H groups form hydrogen bonds with the
counterion.

The facts mentioned above indicate that platinum can be
readily incorporated in both three- and five-membered rings
simultaneously, whereas the inclusion of the metal in three- and
four-membered rings is very difficult to achieve.

Figure 6. The structure of compound 106.
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On the whole, the coordination of cyclenPH to platinum
leads to metallated phosphoranes with P-monodentate or
P,N-bidentate binding of the ligand. On treatment with
appropriate reagents, the compounds obtained can be inter-
converted or they can be converted into a multiplicity of different
metal complexes with P,N-bidentate coordination, in which the
coordination number of phosphorus is smaller. The interaction of
cyclamPH and platinum has been clearly inadequately
investigated. Nevertheless, the available data indicate the
displacement of the 55a *± 55b equilibrium towards the open
form with P,N-bidentate binding of the ligand.

Evidently TTP are the most versatile ligands in the
coordination chemistry of hydrophosphoranes. They are capable
of N- and P-monodentate and N,N- and P,N-bidentate
coordination, including coordination of the phosphoranide type.

The tetracyclic hydrophosphoranes can behave as amines,
phosphoramidites, aminophosphoramidites, or as hydrophos-
phoranes proper depending on the type of Lewis acid, forming at
the same time unique metal complexes. When bound to a metal,
they sometimes assume the functions of the latter, interacting with
reagents of different nature. However, reactions in which TTP are
coordinated solely in the P-monodentate or the P,N-bidentate
phosphorane form, without the occurrence of parallel reactions or
without treatment by deprotonating agents, are so far unknown.
The search for processes of this kind is still to be carried out.

V. Conclusion

It is seen from the data presented that considerable advances have
been made in the chemistry of metallo-derivatives of hydro-
phosphoranes. The bicyclic and tetracyclic hydrophosphoranes
were found to be the most thoroughly investigated groups of
compounds, whilst a new aspect—the study of a complex
formation reaction by 'triquinphosphoranes'—has only just
become outlined but promises to be continued on a duly
impressive scale. At the same time the extensive coordination
possibilities of hydrophosphoranes have not yet been utilised to
the extent that they deserve. We may point to certain fundamental
problems the solution of which we believe to be of current interest.

1. Comparison of the reactivities of various groups of
hydrophosphoranes employing a specific metallic substrate and
standard complex formation conditions. So far, there have been
few such studies — only [Rh(CO)2Cl]2 is known as a general
partner in the complex formation reactions involving BAP, HSP,
and TTP. The remaining platinum metals have been used to a
lesser extent. Rhodium complexes have been thoroughly
investigated for the BAP, while the palladium complexes have
been studied very superficially and there are no examples
whatever of platinum adducts. On the other hand, the platinum
derivatives of the tetracyclic hydrophosphoranes have been
investigated in detail, while the studies on the rhodium complexes
have been fragmentary and the palladium complexes are
unknown. So far, the chemistry of the HSP is in many respects
the chemistry of one metal, namely of rhodium. Palladium and
especially platinum have clearly not been employed adequately.
Furthermore, it would be useful to investigate the interaction of a
specific phosphorane with a series of analogous metal complexes,
for example M(COD)C12 (M = Pd, Pt), M(CO)n, etc. This would
assist in a better understanding of the mechanism of the
coordination of the hydrophosphoranes. Such studies are also
extremely few in number.

2. The extensive employment of all groups of hydrophos-
phoranes in catalysis, especially asymmetric catalysis. Nowadays
this field has already been outlined—certain BAP and HSP have
been involved in catalytic processes, whereas the tetracyclic
hydrophosphoranes have been completely ignored by specialists
in catalysis. Clearly extraordinary results may be expected for
ligands with superior coordination and stereochemical properties
of the kind possessed by hydrophosphoranes.

HSP with aminoacid residues,94-95 i.e.

O

H—;
,,NH

K H—P:

may be of special interest primarily for metal complex asymmetric
catalysis because these stable compounds are obtained in
satisfactory yields by the direct phosphorylation of readily
available chiral precursors—natural aminoacids. The authors of
the present review have begun studies on the employment of such
HSP in coordination design. We may also mention a novel
hydrophosphorane with an unusual axial orientation of the
P-Hbond . 9 6

It is significant that an active catalyst of the oligomerisation of
ethene has been obtained from this compound by treatment with
KOH, NiCl2, and NaBH4.

3. The expansion of the range of hydrophosphorane ligands
by resorting to new systems, for example, monocyclic hydro-
phosphoranes.97

OR

O(CH2)2NHMe

H

^P—OR
MeN O

'—O—P

R = Me, CH2Ph

Tetraoxohydrophosphoranes, on the coordination chemistry
of which only one study has been published, merit more constant
attention.

It is essential to state that the field of synthesis of a wide
variety of BAP with additional coordination centres by the
interaction of proton-donating reagents with derivatives of bi-
cyclo[3.3.0]-l-phospha-2,8-dioxa-5-azaoctane has been develop-
ing vigorously in recent times.98 These systems can also be
regarded as promising polyfunctional ligands.

4. The study of the mechanism of complex formation
reactions of hydrophosphoranes. The interaction of the tautomer
having a tricoordinate phosphorus atom with a metal-containing
substrate has been traditionally postulated. However, in a whole
series of cases the existence of such a tautomer is doubtful. Thus
NMR and IR spectroscopic studies of solutions of oxazahydro-
spirophosphoranes did not reveal the presence of the
phosphorus(III) form.51-99-100 Furthermore, these HSP do not
react under mild conditions with (acac)Rh(CO)2 and BF3 • Et2O,
atypical of organophosphorus(III) compounds. The tautomeric
equilibrium postulated for Phoran has also not been detected
spectroscopically'' [the phosphorus(III) isomer has been found
only in the gas phase]. Finally, cyclenPH exists in the
phosphorus(V) form in solution, in the solid state, and in the gas
phase,78 although a whole series of metallo-derivatives are known
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where it is coordinated in the open form. On the other hand, the
interaction of cyclenPH with B2H6 leads to a bisborane adduct
with pentacoordinate phosphorus. All these facts indicate the
active role of the transition metal in the complex formation
reaction involving the hydrophosphorane and hence the existence
of a mechanism involving the formation of a metal hydride
intermediate (in accordance with the same principle as in the
reactions of silanes, secondary phosphines, or hydrophosphoryl
compounds).51-101 At the same time, one cannot exclude from
discussion the mechanism with participation of the phospho-
rus(III) tautomers of hydrophosphoranes. We may recall that a
bisborane adduct has been obtained for Phoran, in which the
latter exists in an open form let alone the fact that phosphorus(HI)
isomers have been detected spectroscopically for many hydro-
phosphoranes. Both mechanisms apparently operate, their
contributions depending on the nature of the hydrophospho-
rane, the Lewis acid, and the reaction conditions. However,
additional studies are needed to justify this view.

The interest in the employment of hydrophosphoranes in
metal complex design has not weakened. A review by Lattman
and co-workers, containing a brief survey of the ligand properties
of cyclenPH, has been published recently.102 We believe that the
current achievements in the coordination chemistry of
hydrophosphoranes constitute merely a prologue to its further
development.

In the preparation of the figures, the facilities of the
Cambridge Structural Database (1995 release) were employed.
These permit a graphical representation of molecules on the basis
of the atomic coordinates of the crystals of the test compounds
deposited in the Database.
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Abstract. The characteristic features of the synthesis and properties
of cardo polyheteroarylenes (polyarylates, aromatic polyethers,
polyamides, polyimides, polyoxadiazoles, and others) are examined
and surveyed. It is shown that cardo polymers containing bulky
side-groups, linked via cyclic groups to the polymer main chain,
have enhanced thermal characteristics combined with a satis-
factory solubility Certain aspects of the practical applications of
polymers of this kind are considered. The bibliography includes
309 references.

I. Introduction
Among polymers with an enhanced thermal stability, cardo
polymers occupy a special place; the term cardo polymers is applied
to those containing at least one element in the repeating group which
is included in the cyclic side group. The term arose from the Latin
word 'cardo', meaning loop, because such cyclic side groups can be
regarded as loops in relation to the backbone of the
macromolecule.1 ~4

Many years of study of the influence of chemical structure on the
properties of polymers led to the idea that the asymmetry of the
macromolecules, the incorporation of bridging units in the polymer
chain, and the presence of bulky side substituents in the polymer
chain may impart solubility in organic solvents to heat-resistant
polymers, thereby facilitating their processing. An important factor
in this connection is that the modification of the polymers in order to
increase their solubility should not be accompanied by a decrease in
their heat resistance. As will be shown in the present review, cardo
polymers satisfy these requirements.

Data on the use of phenolphthalein for the synthesis ofpolyesters
and alkyd, epoxide, phenolformaldehyde, and other polymers began
to appear in patents and publications in the 1940s.3-5 Acharacteristic
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feature of these polymers was that phenolphthalein was used simply
as one of the diols without taking into account its specific influence
on the properties of the polymers. The synthesis of high-molecular-
mass polyarylates derived from phenolphthalein and various
dicarboxylic acids, achieved in 1961, when attention was first
directed to the specific contribution of the phthalide cardo group to
the properties of the polymers, should be regarded as the start of
systematic and deliberate studies on cardo polymers.6'7

In subsequent years, the studies on cardo polymers developed
widely.

II. Polyarylates
Data on the syntheses and the results of studies on cardo polyarylates
have been published in a series of communications.2 ~4>6~89 The
most useful method for their synthesis is the polycondensation of
dicarboxylic acid chlorides with dihydric phenols which contain
cardo groups. Depending on the structure of the initial monomers,
the polycondensation process can occur under high-temperature
conditions in solution, under acceptor-catalytic conditions, or
by the interfacial method.8'10 - a- •"•I5-49-50-55 - 5 8

Scheme 1 presents examples of certain structures of cardo
polyarylates.

Many cardo polyarylates have been synthesised successfully by
the high-temperature polycondensation of the starting materials in
solution in ditolylmethane, a-chloronaphthalene, Sovol(chlorinated
biphenyl), nitrobenzene, etc. in the temperature range from 100 to
220 °C for ~ 10 h. The amount of starting materials used was
0.6-5 mol I"1.6.7.22.23,44.59.60 T h e p o i y m e r s w e r e obtained in
nearly quantitative yields and had high molecular masses (for
example, molecular masses of the order of 60 000 -100 000 are
attained in the case of polyarylates derived from phenolphthalein
and aromatic dicarboxylic acids).

The kinetics of the process in the temperature range from 150 to
200 °C have been investigated in relation to the high-temperature
polycondensation of 9,9-bis(4-hydroxyphenyl)fluorene (phenol-
fluorene) and bisphenols of the norbornane type with the chlorides
of terephthalic and isophthalic acids in ditolylmethane. It was
concluded that these reactions proceed in accordance with an ionic
mechanism via an acylium ion.54-61-62 The study of the influence of
the nature of the reaction medium on the results of the
polycondensation of phenolphthalein and its derivatives with
the chlorides of aromatic dicarboxylic acid revealed an
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/Voor-R 2— C O —

—R3 (R3 = H, Et, C2H4CI, C2H4OH, CH 2 CH=CH 2 , Ph),

Scheme 1

R2 = -(CH2)4- , - (CH2)8- ,

interesting feature. It was found that the reaction medium influences
significantly the formation of the supermolecular structure and the
properties of the amorphous vitreous polymers of this type.59-60 The
solvent power of the medium directs the process involving the
formation of rigid macromolecules in the direction of either coiled
or uncoiled conformations, as a consequence of which globular or
fibrillar forms of supermolecular structures are produced. Thus, in
the synthesis of the polyarylate derived from phenolphthalein and
isophthalic acid in ditolylmethane, the polymer precipitates and has
a globular supermolecular structure, whereas in the synthesis in
solvents such as Sovol, a-chloronaphthalene, and nitrobenzene the
polymer remains in solution throughout the reaction and a product
with a predominantly fibrillar supermolecular structure and a
better set of physicomechanical properties is formed.50-59> 60

In the interfacial polycondensation of phenolphthalein anilide
with terephthalic acid chloride (organic medium — benzene),
where the polymer is formed at the interface between two liquid
phases (the polymer is not soluble in either), the polyarylate has a
distinct globular structure, whereas the polyarylate synthesised by
the high-temperature porycondensation in a homogeneous medium
(in a-chloronaphthalene) has a fibrillar supermolecular structure.
Whereas the first polymer has a softening point of 280 - 285 °C, a
tensile strength of 960 kgf cm"2 , a relative elongation at break of
13%, and a specific impact strength (A) of ~1 kgf cm cm~2, the
fibrillar specimen has a softening point of 315-320 °C, a tensile
strength of 1000 kgf cm-2 , a relative elongation at break of
40% - 50%, and a specific impact strength of 7 - 9 kgf cm cm-2 . *°

In the synthesis of crystallising cardo polyarylates,19-20-52 for
example the polyarylate obtained from 9,9-bis(4-hydroxyphenyl)-
10-anthrone (phenolanthrone) and terephthalic acid, the process
conditions (reaction temperature, rate of heating and cooling of the
reaction mass, concentration, etc.) influence not only the molecular
mass of the polymer obtained but also its structure. This polymer is
obtained with the highest percentage of the crystalline form

when the polycondensation is carried out at 220 °C (in Sovol, a-
chloronaphthalene, and nitrobenzene). When the process is carried
out at a temperature above 220 °C, polyarylates with a lower degree
of order are produced. An amorphous polyarylate is obtained when
the reaction is performed in Sovol at 330 °C (with rapid heating and
cooling of the reaction mass). The concentration of the initial
monomers should be of the order of 0.6 M under these conditions;
when the concentration is raised, an amorphous polymer cannot be
obtained.

A series of studies 8'63 ~ 68 have been devoted to the characteristic
features of the formation of phenolphthalein polyarylates by
acceptor-catalytic polycondensation. One should note in the first
place that the synthesis of polyarylates by this method is faster and
proceeds under milder conditions than the synthesis by high-
temperature polycondensation in solution. For example, the
polycondensation of phenolphthalein with the terephthaloyl
chloride in the presence of triethylamine in dichloroethane at 50 °C
leads to the formation of a polymer after 5 min in a nearly
quantitative yield, having a reduced (intrinsic) viscosity in
tetrachloroethane of ~0.9 dl g"1.65 The study of the reaction of
phenolphthalein with terephthaloyl chloride in the presence of
triethylamine revealed the influence of the nature of the reaction
medium on the acceptor-catalytic polycondensation.66-67 It was
established that the lack of the complete solubility of the initial
compounds in the reaction medium is a significant obstacle to the
formation of a high-molecular-mass polymer. The molecular mass
of the polymer formed is greatly influenced by the properties of the
reaction medium such as its polarity and its ability to dissolve the
initial reactants and the polymer. In the study of the dependence of
the molecular mass of the polymer formed on the composition of
the binary reaction mixture (a mixture of acetone and benzene), it
was found that the polyarylate with the highest molecular mass is
obtained when the reaction mixture contains 30-40 vol% of
acetone.67 In this medium, it was possible to synthesise a polyarylate
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with a very high molecular mass (250 000) and with a reduced
viscosity in tetrachloroethane of 10 dl g~K In general, the optimum
conditions for the synthesis of polyarylates by acceptor-catalytic
polyesterification in heterogeneous systems are as follows: a high
solubility of the initial compounds in the reaction medium and an
appreciable swellability of the polymer in a weakly polar medium,
or a high polarity of the medium where the swellability of the
polymer in the solvent is insignificant.58-66 ~ 70

The cardo polyarylates based on trifiinctional monomers
such as 2-p-hydroxyethyl-3,3-bis(4-hydroxyphenyl)phthalimidine or
phenolphthalein imide can be usefully synthesised by interfacial
polycondensation because it is then possible to obtain linear high-
molecular-mass polyarylates with free ethoxy- or imide groups
when appropriate conditions are selected.16-l7-50-70 The synthesis of
the same polyarylates by high-temperature polycondensation
affords insoluble three-dimensional polymers owing to the reaction
of the chlorocarbonyl groups with the ethoxy- or imino-group of the
lactam at high temperatures.

Oligoarylates with a branched structure and an average
functionality of 2, having terminal and side alcoholic hydroxy-
groups, have been obtained by the acceptor-catalytic poly-
esterification reaction of terephthaloyl chloride with phenol-
phthalein, 2-p-hydroxyethyl-3,3-bis(4-hydroxyphenyl)phthalimi-
dine, and ethylene glycol in dioxane at 30 °C in the presence of
triethylamine.64 It was shown that branched oligoarylates soluble in
organic solvents may be obtained when 2-P-hydroxyethyl-3,3-bis(4-
hydroxyphenyl)phthalimidine is introduced into their composition
in an amount not exceeding 50 mol % of the sum of the bisphenols.
An increase in the degree of branching of polyarylates entails an
increase in their softening temperature. Thus, when the content of 2-
P-hydroxyethyl-3,3-bis(4-hydroxyphenyl)phthalimidine in a mixture
with phenolphthalein is increased from 3 to 25 mol %, the softening
temperature increases from 280 to 340 °C. On the other hand, when
the content of the first bisphenol is up to 50 mol %, the product does
not soften up to 410 °C.64

The properties of cardo polyarylates depend significantly on
their chemical structure. The amorphous nature of the polyarylates
with asymmetric cardo groups (for example, phthalide and
acenaphthene groups) can be explained by the statistical nature of
the polycondensation and the asymmetric form of the cardo
groups, which lead to their different positions relative to the
macromolecule.21-49"51 The ability of cardo polyarylates to
crystallise increases following the introduction of symmetrical
cardo groups (the fluorene and anthrone groups) and when the
cardo groups contain polar groups (for example, the anthrone
group) and groups capable of forming hydrogen bonds [polyarylates
derived from phenolphthalein imide and 2-p-hydroxyethyl-3,3-
bis(4-hydroxyphenyl)phthalimidine].

Polyarylates containing cardo groups in both the bisphenol and
acid fragments exhibit explicit signs of ordering. It has also been
noted that the ability to crystallise is influenced significantly by the
disposition of the cardo groups relative to the ester bond. Thus
the phenolanthrone polyterephthalate, synthesised by high-
temperature polycondensation at 220 °C, is crystalline to the extent
of approximately 40%, while the isomeric polyarylate derived from
hydroquinone and 9,9-bis(4-carboxyphenyl)-10-anthrone and
obtained under similar conditions is amorphous.33-51

The softening temperatures of a series of amorphous cardo
polyarylates and, for comparison, of certain polyarylates of the
noncardo type are presented in Table I.29-51-52-54-72-n It is seen from
the data presented that the cardo polyarylates have significantly
higher softening temperatures (compare, for example, polymers
Nos 1 - 3,5, and 6 with polymers Nos 12 and 13, etc.). Comparison of
polymers Nos 7 and 8 with polymer No. 19 permits the conclusion
that polyarylates with a cyclic acid fragment have appreciably higher
softening temperatures than polyarylates with an acyclic, 'open-
chain' structure of the isomeric acid fragment.29-51 Thus the
softening temperatures of the polyarylates obtained from bis(4-
carboxyphenyl)phthalide and acyclic dihydric phenols [13- and 1,4-
di(4-hydroxybenzyl)benzenes] are 250 and 270 °C respectively,

whereas the softening temperature of the polyarylate obtained
from phenolphthalein and bis(4-carboxyphenyl)phthalide is
340 °C29-51-62

A high heat resistance is characteristic also of carborane-
containing cardo polyarylates.74'78 Thus the softening tempera-
tures of the polyarylates obtained by the reaction of 1,2- and 1,7-
bis(4-carboxyphenyl)carboranes with phenolphthalein, phenol-
fluorene, and phenolanthrone are 340-360 °C It is noteworthy
that, according to X-ray diffraction data, these polyarylates have
crystalline structures with low or moderate degrees of order. One
can only note a tendency towards the formation of an amorphous
structure on transition to polyarylates based on the m-carborane-
containing isomer. The softening temperature of the amorphous
cardo polyarylate derived from l,2-bis(4-hydroxyphenyl)carborane
and bis(4-carboxyphenyl)phthalide is also high, being 330 °C.

There is no doubt that the high heat resistance of the cardo
polyarylates and, incidentally, of other cardo polymers (see below)
is due to the increased rigidity of the polymer chain. The cardo
groups not only increase the rigidity of the main polymer chain but
also loosen the structure of the polymer, diminishing thereby
the interchain interaction, which ensures a high solubility of
such polyarylates in many organic solvents. The majority of
amorphous cardo polyarylates are readily soluble in methylene
chloride, dichloroethane, chloroform, tetrachloroethane, tricresol,
tetrahydrofuran, dioxane, cyclohexanone, nitrobenzene, and
dimethylformamide, frequently with formation of highly
concentrated solutions.3-4-6-7-51 The chemical structure of poly-
arylates also influences their solubility. Thus polyarylates containing
groups capable of forming hydrogen bonds, for example
phenolphthalein imide polyarylates, do not dissolve in chlorinated
solvents but are readily soluble in dioxane, tetrahydrofuran, tricresol,
and dimethylformamide. In contrast to polyarylates with phthalide
and anthrone cardo groups, i.e.

those with cardo groups not containing the CO group, i.e.

are soluble in chlorobenzene, toluene, and o- and /n-xylenes.51

Carbaborane-containing polyarylates derived from 1,2- and
l,7-bis(4-carboxyphenyl)carboranes and l,2-bis(4-hydroxyphenyl)-
carborane are readily soluble in aromatic hydrocarbons.76-78

Amorphous phenolphthalein, phenolacenaphthene, and
phenolanthrone polyarylates give rise to 35% solutions in
chloroform, whereas phenolfluorene polyterephthalate gives only
5% solutions.52

The heat resistance and solubility of cardo polyarylates are also
greatly influenced by their physical state. In particular, this has been
clearly established for phenolanthrone polyterephthalate, the
structure of which can be deliberately altered from amorphous to
crystalline by changing the conditions of its synthesis or the
subsequent treatment of the finished polymer.21-5152 Whereas the
amorphous polyarylate softens at 335 - 365 °C and dissolves in a
wide range of organic solvents, with increase in the degree of order
in the structure of the polyarylate the range of solvents becomes
narrower and the heat resistance increases. The crystalline polymer
dissolves only in the phenol-tetrachloroethane mixture and is
highly heat resistant (it does not melt before decomposition). Thus
the heat resistance and solubility of cardo polyarylates can be varied
specifically by varying their chemical and physical structures.

High thermal stability is characteristic of cardo poly-
arylates.36-50-52 Under an inert atmosphere, the temperature of the
onset of decrease in the mass of phenolphthalein, phenolfluorene,
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and phenolanthrone poryterephthalates is about 350 - 360 °C. The
polymers decompose at a low rate, losing only 2% - 3% of their mass
before the onset of vigorous decomposition (at 460-470 °Q. The
chemical structure of the bisphenol does not influence significantly
the temperature of the onset of the thermal decomposition of these
polyarylates, which is determined mainly by the presence of the
ester bond. The carborane-containing cardo polyarylates obtained
by the reaction of 1,2- and l,7-bis(4-carboxyphenyl)carboranes with
phenolphthalein, phenol-fluorene, and phenolanthrone, as well as
the polyarylates obtained from l,2-bis(4-hydroxyphenyl)-carborane

and bis(4-carboxyphenyl)phthalide have the best thermal
characteristics.74"79 The temperature of the onset of the change in
their mass under an inert atmosphere and in air is 400-420 °C.
After heat treatment for 3 h in air at 400 °C, these polymers give
rise to large amounts of coke residues (86%-98%), whereas
phenolfluorene polyterephthalate decomposes to an extent of 35%
under these conditions.

The phenolphthalein, phenolfluorene, and phenolanthrone
polyarylates are thermoplastic polymers. They can be processed by
usual method for thermoplastic materials, which, combined with
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their high thermal stability, give rise to extensive possibilities for
their employment as constructional materials. By virtue of their
effective dielectric properties, they can be used successfully in radio
and electrical engineering. Filled materials, including antifriction
materials with a low coefficient of friction and capable of working
for a long time without a lubricant at high temperatures (250 °Q in a
vacuum and under the conditions of high velocity gradients between
the friction surfaces (sliding and roller bearings), are obtained from
polyarylates.

The satisfactory solubility of cardo polyarylates in organic
solvents and their compatibility with many polymers (in particular
with epoxide polymers) makes it possible to convert them readily,
both from solution and from mixtures, into coating films, fibrous
materials, heat-resistant composite materials, and potting
compounds and also permits their use as binders for reinforced
plastics.4' io.i4,49-5i,8o-82 j n particular, a promising procedure for
the conversion of cardo polyarylates, for example phenolphthalein
polyterephthalate, into monolithic articles involves its combination
with a reactive epoxide oligomer and subsequent moderate heating.
The chemical interaction of the epoxyoligomer with the polyarylate
(via a mechanism involving the 'insertion'of an oxirane ring in the
ester bond 80) results in the formation of a network system having a
specific set of properties and the region of mechanical usability of
such compositions extends to more elevated temperatures compared
with the traditional compositions based on oligoepoxides.82 The
part of the chemically reactive heat-resistant polymer in the com-
position with oligoepoxides which has not reacted serves as a filler.
The presence of such a high-molecular-mass chemically reactive
filler reduces significantly the density of the composition and
improves its strength characteristics compared with compositions
containing a usual mineral filler.37

The high glass points of cardo polyarylates ensure the retention
at high temperatures of the effective mechanical and dielectric
properties of articles made from these polymers. For example,
nonoriented phenolanthrone polyterephthalate films have at 25 °C
a tensile strength (<Tt) of 940 kgf cm ~ 2, and an elongation at break
(e)oflO%, whereas at 250 °C«r = 470 kgf cm-2and«=$ 5%. After
heating for 100 hat 300 oCor500 hat 250 °C, the film retains about
50% of its initial strength. The tangent of the dielectric loss angle for
this polymer hardly changes up to 250 °C; high specific volume
resistivities (>1 xlO15 O cm) are retained up to this temperature.51-52

At 300 °C, phenolfluorene polyterephthalate films retain more
than 50% of their initial strength. The tangent of the dielectric loss
angle for this polymer is 0.0025 at 220 °C.44-45 Fibrous filtering
materials based on phenolphthalein polyterephthalate, employed
successfully for the purification of gases and liquids and for trapping
aerosols, may be used up to 300 °C.10-14

Cardo polyarylates can be converted also into heat-resistant
strong monolithic articles. The bending strength (<Tb) of monolithic
phenolanthrone polyterephthalate reaches 1700 kgf cm ~2.52

The specific impact strengths of test specimens of phenolphthalein,
phenolfluorene, and phenolanthrone polyterephthalates are
15-20 kgf cm cm"2 .4 Monolithic articles made from the poly-
arylates of phenolphthalein and isophthalic acid, obtained by
casting under pressure, have effective physicomechanical
parameters (both in the initial state and after prolonged heat
treatment).

Characteristic

a,/ kgf cm" 2

A/ kgf cm c m - 2

<rb/ kgf cm" 2

HI kgf c m " 2 "
tan<5b

a H is hardness. b tan

Initial
specimen

940
30

1300
1280
2 x l O - 2

Heat-treated specimen
(1000 h, 200 °C)

800
70

1200
1250
2 x l O - 2

5 is tangent of dielectric loss angle.

Articles made from phenolphthalein polyterephthalate, filled
with talc or powdered quartz, exhibit a high resistance to repeated
temperature changes from — 60 to 250 °C and possess satisfactory
electrical insulating properties.83

Cardo polyarylates are satisfactorily resistant to the action of
ultraviolet and ionising radiations, retaining, for example, effective
physicomechanical parameters after prolonged exposure to 60Co y-
rays in air. Cardo polyarylates with fluorene groups are more stable
than polymers with phthalide groups.4 The partial or complete
replacement of the lactone ring by a lactam ring in phenolphthalein
polyarylates as well as the presence of fluorene groups in the
bisphenol residues increase appreciably the resistance of the
polyarylate to the action of light. The inclusion in the polymer chain
of phenolphthalein polyarylates of small amounts (~1%) of sulfur,
phosphorus, and hydroxy-groups by employing, for example,
monomers such as phenolsulfophthalein, phloroglucinol, bis(4-
carboxyphenyl)methylphosphine oxide, etc. promotes the
formation of polyarylates with increased resistance to light-induced
ageing.72-84"87

The employment of chromophore-containing monomers (the
chlorides of azobenzene-3,3'-dicarboxylic and azobenzene-4,4'-
dicarboxylic acids, quinizarine, alizarine, Alizarine Blue, and
others) in the synthesis of cardo polyarylates led to the possibility of
obtaining coloured polyarylates with different colours, the colours
exhibiting a high photostability. Colours with a high photostability
can be achieved even in the presence of only a small amount
(0.05 mol%) of the chromophore-containing monomer in the
polyarylate chain.49-50-88~91 It is also noteworthy that the
introduction of even a small amount of a chromophore-containing
monomer into mixed polyarylates derived from terephthalic acid
and phenolphthalein greatly increases the resistance of the polymer
to ultraviolet radiation.80

Thus cardo polyarylates have enhanced thermal characteristics,
satisfactory solubilities, and effective physicomechanical properties.

III. Aromatic polyethers

Since the 1960s, aromatic polyethers have attracted the attention of
investigators because of their high thermal stability and a number of
other valuable properties.92"94 However, their comparatively low
heat resistance is a significant disadvantage of these polymers.

The positive influence of the cardo groups on the heat resistance
of polyarylates stimulated the synthesis and study of aromatic cardo
polyethers.49-51-95-108

Aromatic cardo polyethers are obtained by the nucleophilic
substitution reaction between phenoxides derived from bisphenols
and activated aromatic dihalides (usually in dimethyl sulfoxide at
160-180 °Q. Scheme 2 presents some of the structures of the
polymers of this type which have been synthesised.

In the polycondensation of dihalo-derivatives with phenoxides
derived from cardo bisphenols (with the exception of adamantane-
containing bisphenols), only the difluoro-derivatives proved to be
sufficiently reactive (for the formation of polymers with a high
molecular mass). It has been suggested that the lower reactivity of
the phenoxides obtained from cardo bisphenols compared with the
phenoxide derived from 2,2-bis(4-hydroxyphenyl)propane is due in
some cases to the greater acidity of the cardo bisphenols or the
poorer solubility of the initial phenoxide in the reaction
medium.51-95-99 Polyethers based on phenolphthalein contain a
phthalide ring,97 although the lactone ring of phenolphthalein is
opened in alkaline media.

It has been noted that, in the polycondensation of phenol-
phthalein imide with bis(4-fluorophenyl) sulfone, not only the
phenoxide groups but also the mobile hydrogen atom at the nitrogen
atom of the lactam ring can participate in the reaction, which leads
to the formation of a structured fraction.99

A series of characteristics of the formation of cardo polyethers
by the reactions of phenolphthalein and phenolfluorene with
dihalobenzophenones in dimethylacetamide in the presence of
potassium carbonate have been investigated.97 It was established
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that 4,4'-difluorobenzophenone is much more reactive than the
dichloro-derivative. Conditions have been found for the preparation
of high-molecular-mass polymers (with a molecular mass
>200000). The addition of the monofunctional 4-fluoro-
benzophenone during the polycondensation process makes it
possible to regulate the molecular masses of the polymers within
wide limits (from 10 000 to 100 000).97

The study of the characteristic features of the synthesis of
polyethers with polycyclic groups of the norbornane type from
chlorobisphenols and bis(4-fluorophenyl) sulfone showed that best
results are achieved when hexamethylphosphoramide is used as the
reaction medium. The reaction takes place successfully under an
inert atmosphere at a concentration of the starting materials of
1.7 M, at 130 -180 °C, with a reaction time of 10 -15 h, and for the
equimolar ratio of the starting materials and leads to polymers with
a molecular mass of the order of 60 000 - 80 000.96

It has been established that the interaction of polycyclic
bisphenols of the norbornane type with 4,4'-difluorobenzophenone
can be usefully carried out in dimethyl sulfoxide at a concentration of
the starting materials of 1.5 M, for an equimolecular ratio of the
starting materials, with a reaction time of 6-9 h, and at a
temperature of 170-180 °C In the synthesis of polyethers
derived from polycyclic bisphenols of the norbornane type and
2,4-difluoronitrobenzene, best results were obtained when the
reaction was carried out at 80 -90 oCfor4-7 h.96

The majority of aromatic cardo polyethers are amorphous and
readily soluble in organic solvents: chloroform, methylene chloride,
tetrachloroethane, cyclohexanone, tricresol, nitrobenzene, dioxane,
etc However, a crystallisable polymer was obtained from bis(4-
fluorophenyl) sulfone and phenolfluorene, which has a symmetrical
cardo group.51-95-98 The structure of this polymer may be varied both
during the processing of the powdered polymer by treatment with
various solvents and in the formation of films from various solvents.

Table 2 presents the softening temperatures of a series of cardo
polyethers and the polyether based on 2,2-bis(4-hydroxy-
phenyl)propane obtained in thermomechanical tests.51-95>96-" As
can be seen from the data presented, it is possible to increase
significantly (by 40-130 °Q their softening temperatures by
introducing cardo groups into the macromolecules of aromatic
polyethers. The heat resistance of the above polymers may be
increased by replacing the CO group in the dihalo-derivative by the
SO2 group and by going over to structures with condensed rings.

Transparent strong films are obtained from solutions of aromatic
cardo polyethers.95-99 Thus the tensile strength of a polyether film
based on 4,4'-difluorobenzophenone and phenolphthalein is
900 kgf cm-2 and its relative elongation at break is 40%-190%;
the tensile strength of the corresponding phenolfluorene polyether
film is 900 kgf cm"2 and the relative elongation at break is 70%.97

Monolithic pressed specimens of cardo polyethers also exhibit
effective mechanical parameters.97

The study of the influence of the molecular mass of the polyether
based on phenolphthalein and 4,4'-difiuorobenzo-phenone on the
physicomechanical properties showed that the latter properties of
the polyethers hardly change from molecular masses of
40000-60000 up to 200000. At the same time, for a molecular
mass of 40000-60000, the polyethers can be readily moulded
from the melt, since the polymer having this molecular mass still
retains a satisfactory fluidity.97

The chemical stabilities of aromatic cardo polyethers are greatly
superior to those of polyarylates. Thus they are resistant to the action
of water at 200-250 °C, concentrated 40% solutions of alkali at
100 °C, a 27% solution of ammonia, and a 36% solution of
hydrochloric acid at 150 °C51>95>98 Aromatic polyethers with
benzophenone fragments are distinguished by a greater hydrolytic
stability compared with the polymers comprising diphenyl sulfone
fragments.

like the usual aromatic polyethers, the cardo polyethers exhibit a
high thermal stability. According to the results of thermogravimetric
analysis at a heating rate of 4 K min ~', the decrease in the mass of
aromatic polyethers based on phenolphthalein, phenolfluorene,
and phenolanthrone in air begins at 450 - 500 °C98 The decrease in
the mass of the polyether based on phenolphthalein and bis(4-
fluorophenyl) sulfone on heating at 400 °C for 3 h in air was only
2.1%." The temperatures of the onset of decrease in the mass of
polyethers with norbornane cardo groups are in the range
400-460 °C At temperatures above 580-600 °C, these polymers
decompose without producing a coke residue.96

It is noteworthy that the thermal and chemical stabilities of
aromatic cardo polyethers are superior to those of cardo
polyarylates, but their heat resistances are lower than those of the
latter polymers.

Fire-resistant aromatic polyethers have been synthesised from
cardo bisphenols, bis(4-fluorophenyl) sulfone, and bis(4-chloro-
methyl)methylphosphine oxide.103
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Table 2. The softening temperatures (°C) of the polyethers - O — R 2 — .
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Chemical modification of polyarylene ether-ketones and
polyarylene ether sulfones, including those of the cardo type, has
been achieved by treating them with chromium, molybdenum, and
tungsten hexacarbonyls. Polymers containing 0.7 -12 mass % of the
metal (0.1 -1.5 of a metal atom per polymer unit) were obtained. It
was noted that the polymers containing arenemetal tricarbonyl
fragments in the polymer chain can be worked into articles by
employing a solution (for films and coatings) and a melt (for
monolithic specimens). Such polymers have effective mechanical,
optical, and adhesion properties.109-110

IV. Aromatic polyketones
The use for the synthesis of polymers of cardo monomers such as
bis(4-carboxyphenyl)phthalide and 2-bis(4-carboxyphenyl)-iV-
phenylphthalimide led to the possibility of synthesising cardo
polyketones.49- m-ln

The study of the process characteristics showed that the
polycondensation of the dicarboxylic acid with an aromatic
hydrocarbon can be usefully carried out in polyphosphoric acid
containing 85 mass % of phosphorus pentoxide at a concentration
of the starting materials of ~0.5 M, a reaction temperature of
120-160 °C, and for a reaction time of 8-20 h. A series of
polyketones of the noncardo type have also been synthesised

for comparisoa Scheme 3 presents examples of the structures of
the polymers obtained.

In most cases, the polyketones were obtained in high yields (the
reduced viscosity in sulfuric acid was 0.40-1.60 dl g-1). The
molecular mass of the polyketone based on bis(4-carboxy-
phenyl)phthalide and diphenyl ether and having a reduced viscosity
of0.68dlg-1was44000.

All the polyketones obtained were amorphous. The polyketones
without cardo groups crystallise on heating above the softening
temperature. The softening temperatures of the polyketones with
phthalide and 2-(i\f-phenylphthalimidine) groups exceed by
60-80 °C those of the noncardo polyketones. Thus, whereas the
softening temperatures of the polyketones based on diphenyl ether
and bis(4-carboxyphenyl)phthalide and 2-bis(4-carboxyphenyl)-Ar-
phenylphthalimidine are 250 and 270 °C, the softening
temperatures of the polymers based on terephthalic acid and bis(4-
carboxyphenyl) ether are 190 and 185 °C respectively.

The cardo polyketones dissolve readily in organic solvents
(tetrachloroethane, chloroform, methylene chloride, dimethyl-
acetamide, JV-methylpyrrolidone, benzyl alcohol, etc.) to form
30% - 50% solutions, whereas the polyketones without cardo groups
dissolve only in sulfuric acid. Colourless transparent films with a
tensile strength of 690 kgf cm" 2 and an elongation at break of
~ 10% were obtained from 30% solutions of the cardo polyketones



256 S V Vinogradova, V A Vasnev, Ya S Vygodskii

+ nHOOC—R2—COOH

Scheme 3

PPA

-H2O *

Scheme 4

R1 = O, bond;

in chloroform. According to dynamic thermogravimetric data, the
mass of the polyketone based on diphenyl ether and bis(4-
carboxyphenyl)phthalide decreases by only 0.5% in air at 450 °C
(the heating rate was 4.5Kmin-') , i.e. its thermal stability is
extremely high. The significant difference between the softening and
decomposition temperatures of the cardo polymers (180-200 °Q
leads to the possibility of their successful working from the melt.
A high fire resistance is characteristic of the polyketones under
consideration.

V. Epoxide polymers

Data concerning the synthesis and study of epoxide polymers of the
cardo type based on bisphenols have been published in a series of
communications.113 ~127

Scheme 4 presents examples of the diglycidyl ethers of cardo
bisphenols.

The study of the characteristics of the formation of epoxide
oligomers in relation to the interaction of epichlorohydrin and 4,4'-
(hexahydro-4,7-methyleneindan-5-ylidene)diphenol showed that
their synthesis can be usefully carried out at 95 °C for 1 h in
50% aqueous solution of alkali with the molar ratios bis-
phenol: epichlorohydrin: alkali = 1:10:4. A product with a
composition closest to that of diglycidyl ether is formed under these
conditions in satisfactory yield (90% - 95%).114

It has been shown that the interaction of phenolphthalein with
epichlorohydrin in an alkaline medium results in the formation of a
product containing a phthalide group with a lactone ring, although
the formation of a compound with a quinonoid structure has been
postulated in a number of studies.115

Oligoepoxides are readily soluble in acetone, benzene, toluene,
dioxane, and ethyl acetate. The softening temperatures of the
oligoepoxides based on phenolphthalein, phenolfluorene, and
phenolanthrone are 36,72, and 79 °C respectively [for comparison
we may note that the softening temperature of the oligomer based
on2,2-bis(4-hydroxyphenyl)propaneis - 5 °C].116

Cardo oligoepoxides are very reactive and are easily hardened
on treatment with various acid and basic hardening agents. The
deformation heat resistance of the polyepoxides based on the
diglycidyl ethers of phenolphthalein, phenolfluorene, and phenol-
anthrone, hardened by trimellitic anhydride, are 300,330, and 315 °C
respectively, while the decrements in mass after heating for 1 h at
300 °C are 14.8,9.5, and 8.2% respectively [for comparison we may
note that the deformation heat resistance and the decrease in mass
of the polyepoxides based on bis(hydroxyphenyl)propane are
250 °C and 44.6%]. Hence it follows that the cardo epoxide polymers
have more effective thermal characteristics.116

R'(OH), + 2H2C—CH—CH2C1 + 2NaOH *•
\ / -2NaCl
O

—*- H2C—CH— CH2O— R1—OCH2— CH—CH2

O O

R1 =

—R2—:Cc-R2—, — R 2 ^ C ^ R 2 —

According to the results of thermomechanical and thermo-
gravimetric studies, the introduction of cardo groups of the
norbornane type does not have a significant influence on the heat
resistance and thermal stability of epoxide polymers of this type.
However, the presence of substituents (methyl, chlorine) in the
benzene rings in such bisphenols impairs somewhat the thermal
characteristic of the polymers. The diglycidyl ethers of polycyclic
bisphenols of the norbornane type, hardened by bis(4-aminophenyl)
sulfone and pyromellitic and maleic acid anhydrides, exhibit the
highest heat resistance.114 Thus the deformation heat resistance of
the epoxide polymers based on the diglycidyl ether of 4,4'-(2-
norbornylidene)diphenol, hardened with maleic anhydride, is
328 °C.119 It has been noted that a characteristic feature of such
polymers is their complete decomposition at high temperatures
without the formation of a coke residue.114

Epoxide cardo polymers may be used as binders in the
preparation of glass fibre-reinforced plastics, adhesives, and other
composite materials,114-118-119>126-127 which are characterised by an
effective heat resistance and good physicomechanical and dielectric
parameters.

VI. Polyarylenephthalides

Polyarylenephthalides are also cardo polymers.128"142 Polymers of
this type have been synthesised by electrophilic substitution with the
aid of carboxylic acid pseudochlorides (Scheme 5).128 The
polycondensation was carried out in solution in chlorinated
hydrocarbons (methylene chloride, dichloroethane, etc.) or in
nitrobenzene at temperatures from - 70 to 140 °C in the presence of
Group III - Vand VIII metal halides as catalysts (forexample, A1C13,
FeCli and SbCl5) in amounts ranging from 0.01 to 1.5 moles per acid
chloride group. Certain properties of the polymers obtained in this
way are presented inTable 3.128
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Scheme 5
C

All the polymers presented inTable 3 are amorphous and readily
soluble in methylene chloride, chloroform, tetrachloroethane,
dimethylformamide, and other solvents. Nonoriented films with a
tensile strength of 800-900 kgf cm ~2 and a relative elongation at
break of 10 - 20% have been obtained from the first three polymers
by casting from solution. Table 3 shows that polyarylenephthalides
have high heat resistances and thermal stabilities.

It is noteworthy that in a number of instances the synthesis of
polyarylenephthalides may be accompanied by the formation of a
gel.129

Special studies have been carried out to investigate the
characteristic features of the formation of polydiphenylene-

Table 3. The properties of the polyarylenephthalides

-CO

/ / r e d /dig"1 77 °C
(tetrachloro-
ethane

0.65

1.50

0.55

0.50

0.86

0.72

soften-
ing

420

310

>300

>250

>450

>400

onset of
decom-
position

440

390

380

380

>450

>450

Note. The softening temperature was determined from the thermo-
mechanical curve obtained with a 1 kgf cm ~2 load applied to the
specimen and for a heating rate of 3K min~'. The temperature of the
onset of decomposition was determined from the thermogravimetric curve
at a heating rate in air of 5 K min ~' .
aThe molecular mass of the polymer obtained by the light scattering
method is 46000.

Scheme 6

phthalide by the polycondensation of 4-(3-chloro-3-phthalyl)-
biphenyl (Scheme 6).130131

The influence of the type of solvent (chlorinated aliphatic
hydrocarbons, aliphatic and aromatic nitro-compounds),
temperature, reaction time, and the concentrations of the monomer
and the catalyst has also been investigated. It has been noted that the
polycondensation in nitro-compounds (especially in nitrobenzene)
proved to be more universal and effective than in halo-derivatives,
because it proceeds under the influence of catalysts of different
types (ZnCli, A1C13, AlBr3, InCl3, SnCl4,TiCl4, SbCl5, SbCl3,
SbF3, FeCl3) and leads to polymers with a higher molecular mass.
The following are the most favourable conditions for the synthesis
of polydiphenylenephthalide: monomer concentration 2 - 3 M,
reactiontemperaturel00-110 °C,andSbCl3(7-10 mol%)orInCl3

(3-10 mol%)as the catalyst.These ensure the selective formation of
a polymer with a high molecular mass (46 000 - 60 000) and an
intrinsic viscosity of 0.65-0.78 dl g"1 (in tetrachloroethane).130

When the polycondensation is carried out under severe conditions
(in the presence of large amounts of the catalyst and at high
temperaturesX in some cases the quality of the polymer and the
process selectivity decrease and anomalous units, for example
fragments with keto-groups, arise in the macromolecules.130

Polydiphenylenephthalide can also be obtained by precipitation
polycondensation. In this case, the synthesis of the polymer
proceeds in the initial stage in a homogeneous solution with
subsequent segregation of the polymer in a separate phase.131 For
comparison, polydiphenylenephthalide has been synthesised in two
variants: by polycondensation in solution in nitrobenzene (80 °C,
10 h) and by precipitation polycondensation in dichloroethane
(20 °C, 24 h) with anhydrous aluminium chloride as the catalyst. It
was found that the precipitation polycondensation affords apolymer
with a higher molecular mass: its »;red in sulfuric acid was 1.02 dl g"1,
whereas in the case of the polymer obtained in nitrobenzene >;red was
0.64 dl g"1. It has also been noted that nonoriented films of the
'precipitation' polydiphenylenephthalide, obtained by moulding
from a solution of the polymer in chloroform, exhibit a higher
optical anisotropy than the films of the 'solution' polymer and have
a degree of crystallinity of 25% - 30%. The films of the 'solution'
polymer are amorphous.131

The molecular mass characteristics of polydiphenylene-
phthalide have been investigated and the equilibrium rigidity of its
macromolecules has been estimated. The length of the Kuhn
segment of this polymer is 24 A. It has been established132 that, in
order to obtain strong films, a polymer with a molecular mass
>3 x 104 is needed. The study of the chemical stability of
polyarylenephthalides showed that they exhibit a satisfactory
resistance to the action of corrosive media at elevated
temperatures.133 The thermal stability of the phthalide ring in
polyarylenephthalide is determined by the nature of the groups
joining the benzene rings in the main chain. The thermal stability
of polydiphenylenephthalide is higher than that of poly(oxy-
diphenylene)phthalide.134

The thermal transformations of polydiphenylenephthalide and
poly(diphenylene oxide)phthalide have been investigated over a
wide temperature range (400-650 °Q.135 It was shown that the
degradation of the polymers proceeds both via the end groups and
via the phthalide ring and the hetero-bonds when such are present.
The phthalide ring probably decomposes in three ways: without the
evolution of carbon oxides (the formation of anthraquinone



258 S V Vinogradova, V A Vasnev, Ya S Vygodskii

Scheme 7
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structures), with evolution of CO (the formation of compounds of
the type of fluorenoneX and with evolution of CO2 (the formation of
fragments of the anthracene, phenanthrene, and fluorene types), the
lasttypeofdecompositionpredominating.Thefirst two reactions are
accompanied by the rupture of the polymer chain, whilst the third
leads to the formation of cross-linked structures.135

Certain electrophysical properties of polyarylenephthalides
have been investigated and the possibility of the thermal initiation
of conduction in aromatic polymers containing readily polarisable
phthalide side groups has been demonstrated.136

Halo-substituted polyarylenephthalides have been synthesised
by the Friedel-Crafts polycondensation of 3-aryl-3-chloro-
phthalides containing substituents in the 4-position relative to the
phthalide ring. It was found that polymers containing two types of
isomeric units in the polymer chain in the 4- and 7-positions can be
obtained from such monomers (Scheme 7).137

Effective thermal and physicomechanical parameters are
characteristic of these polymers. Thus chloro-substituted
polyarylenephthalides with a characteristic viscosity in tetra-
chloroethane of 1.52 dl g"1 have a softening temperature >450 °C,
a temperature for the onset of decomposition of 450 °C, a degree of
crystallinity of 30%, atensile strength of the film of 900 kgf cm~2,
and an elongation at break of 85%.

Nitro-derivatives containing a controllable number of nitro-
groups in the repeat unit (0.2 - 3.0 nitro-groups) have been obtained
by nitrating porydiphenylenephthalide with potassium nitrate in

nitric acid or with nitric acid in sulfuric acid.138 ~140 It was found that
the trinitro derivatives of polydiphenylenephthalide contain nitro-
groups in the 6-position in the phthalide ring and in the 2- and 2'-
positions in the biphenylene unit. They are soluble in nitrobenzene,
dimethylformamide, dimethylacetamide, AT-methylpyrrolidone,
and cyclohexanone. The nitro-derivatives containing less than
one nitro-group per repeat unit of the monomer are soluble
in tetrachloroethane, aniline, and benzonitrile. The polymers
containing more than one nitro-group per repeat unit are soluble
in tetrahydrofuran, l-chloro-2,3-epoxypropane, and dimethyl
sulfoxide, in contrast to the initial polymer. Strong elastic films may
be obtained from solutions of the polymers containing up to two
nitro-groups in the repeat unit. The decomposition temperatures in
air of nitro-substituted polyphenylenephthalides containing
0.2 - 2.6 nitro-groups in the repeat unit are in the range 320 - 340 °C.
These polymers do not soften before they decompose.140

VII. Aromatic polyamides
The use of aromatic diamines and dicarboxylic acid chlorides
with cardo groups for the synthesis of polyamides made it
possible to obtain cardo polyamides.2~ "•12-27-v-38-49-16-v-nl-143 -169

Scheme 8 presents examples of such polymers. The study of
the characteristic features of the formation of cardo polyamides
showed that satisfactory results are obtained when the low-
temperature polycondensation is carried out in aprotic solvents

nH2N—R1—NH2 + n C1OC—R2—COC1 —*- -f-HN—R1—NHOC—R2—<
Scheme 8

R . = _ ( C H 2 ) 6 - , - ( C H 2 ) 8 - ,

R2 = - ( C H 2 ) 4 - , - ( C H 2 ) 8 - ,
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(dimethylacetamide, N-methylpyrrolidone) at —10 to — 30 °C for
15-60 min and at reactant concentrations of 0.6-0.7 M. The
reaction is carried out by adding the solid acid chloride to a solution
of the diamine.27143"147'154 The optimum polycondensation
conditions for the polyamide based on 9,10-bis-(4-aminophenyl)-
anthracene are as follows: temperature 20 °C, reaction time 2 h,
solvent — 2:1 (vol%) Ar-methylpyrrolidone-hexamethylphos-
phoramide mixture, concentration of monomers 0.25 M, and
concentration of LiCl 5% (relative to the solvent).152

Electron microscope study of the films and pressed
anilinephthalein polyamides, obtained by low-temperature poly-
condensation in solution, showed that such polymers contain
supramolecular 500 -1000 A globular formations.146 The majority
of the cardo polyamides synthesised have an amorphous structure,
although some of them exhibit a tendency towards ordered
structures. This is characteristic of, for example, the polyamide
based on anilinephthalein and terephthalic acid or bis(4-carboxy-
phenyl)phthalide and anilinefluorene polyterephthalamides and
polyisophthalamides.146-147-154

When the fluorene cardo group with a dicarboxylic acid residue
is introduced into the polyamide, the products are polyamides which
show no tendency to crystallise.154 According to the results of
thermomechanical tests, the cardo polyamides derived from
aliphatic dicarboxylic acids have comparatively low softening
temperatures (210-240 °Q(M7,I54 e x c e e ding somewhat the melting
points of the widely familiar crystalline polyamides based on
hexamethylenediamine and adipic and sebacic acids. Table 4
presents the softening temperatures (determined by the
thermomechanical method) of a series of aromatic cardo
polyamides.27' 147-152-155-161-162-164

These polymers have a high heat resistance, which changes little
on passing from isophthalic polyamides to the polyamides of
terephthalic, biphenyl-4,4'-dicarboxylic, and carborane-di-
carboxylic acids, or on replacement of the anilinephthalein residues
in the repeat unit by anilinephthalein imide. An appreciable
decrease in heat resistance is observed when bis(4-carboxyphenyl)
ether residues are introduced into the polyamide, which is
apparently due to the decreased rigidity of the main polymer chain
owing to the presence of bridging units (oxygen atoms) in the hinge
positions. The polyamide derived from 9,10-bis(4-amino-
phenyl)anthracene and bis(4-carboxyphenyl)phthalide as well as
the copolymers of terephthalamide with diphenylanthracene and
anilinefluorene, which do not soften up to the decomposition point,
have exceptionally high heat resistances.152 It is noteworthy that the
softening temperature of cardo polyamides are always higher than
those of the corresponding cardo polyarylates.148-151

The thermal and thermooxidative degradation of cardo
polyamides has been investigated.146-147-149-150-164 The temperature
of the onset of mass decrease of these polymers is in the range
360-450 °C. It has been shown that the thermal stabilities of the
cardo polyamides depend to some extent on the nature of the cardo
group, whereas those of the polyarylates are limited mainly by the
stability of the ester bond. Polyterephthalamides with anthrone and
fluorene groups exhibit a higher stability than the polymers with
phthalide groups. The study of the thermal degradation of
anilinephthalein and anilinefluorene polyterephthalamides showed
that the decomposition of these polymers begins at temperatures
above 350 °C; the hydrolytic decomposition predominates at
350-400 °C, whereas the contribution of the homolytic
decomposition increases above 400 °C. The homolytic

Table 4. The softening temperatures of the aromatic cardo polyamides —NH- -NHOC—R2—CO — .

R1 R2 T/°C R2 T/°C

NH

385

390

Above
decompo-
sition
temper-
ature

405

430

320

420

400
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decomposition of the amide bond is accompanied mainly by cross-
linking processes in the polymers, which lead to the formation of
tertiary amide and amine fragments in the polymeric structures.149

The thermal oxidation of these polymers hardly differs from their
thermal decomposition.149 At temperatures preceding the decrease
in the mass of the polymers (up to 350 °Q, branching and cross-
linking processes develop. During the isothermal heating of
aromatic cardo polyamides at 300 °C in air and in vacuo for 3 h, no
decrease in the mass and no appreciable impairment of the
properties of these materials are observed.147 According to the
results of dynamic thermogravimetric analysis in air at a heating
rate of 4-4.5 K min~', the temperatures of the onset of mass loss
for a polyterephthalamide of anilinephthalein, anilinephthal-
imidine, and anilinefluorene and the polyamide obtained from
anilinefluorene and 9,9-bis(4-carboxyphenyl)fluorene are 400,390,
405, and 410 °C respectively.147-154

Thermogravimetric study of the carborane-containing
polyamides obtained from 1,2- and l,7-bis(4-carboxyphenyl)-
carboranes, anilinefluorene, and anilinephthalein showed that the
principal difference in the nature of the degradation of these
polymers and of the usual aromatic cardo polyamides consists in a
lower rate of decomposition, while the temperature ranges of
vigorous decomposition are comparatively the same. At the same
temperature, the decrease in the mass of carborane-containing
polyamides is 3 -5 times less than for the usual aromatic
polyamides.163

The use of cardo monomers for the synthesis of polyamides not
only leads to the formation of heat-resistant and thermostable
polymers but also greatly improves their solubility. In contrast to the
majority of aromatic polyamides, sparingly soluble in organic
solvents and soluble predominantly in solutions of inorganic salts in
amide solvents,170 cardo polyamides dissolve readily in di-
methylformamide, dimethylacetamide, methylpyrrolidone,
dimethyl sulfoxide, benzyl alcohol, and cresol with formation of
highly concentrated solutions (in excess of 400 g I"1).4'147 Cardo
polyamides dissolve in an unusual manner in cyclohexanone.154

Whereas cardo polyamides with phthalide groups dissolve readily
in cyclohexanone (this applies even to polyterephthalamide),
anilinefluorene polyterephthalamide is almost insoluble in this
solvent, while solutions of anilinefluorene polyisophthalamide are
unstable, which is believed to be caused by the tendency of this
amide to acquire an ordered structure. Anilinefluorene poly-
terephthalamide, which precipitates from solution in dimethyl-
formamide, also exhibits a tendency towards ordering on standing
at room temperature. This property of the chains can be suppressed
by synthesising mixed polyamides derived from anilinefluorene
and terephthalic and isophthalic acids with a molar ratio of the latter
of 85:15. When the fluorene cardo group with a dicarboxylic acid
residue is introduced into the polyamide, the products are also
polyamides which do not exhibit a tendency towards ordering and
which are readily soluble in cyclohexanone.154 The study of solutions
of anilinephthalein polyterephthalamide in dimethylformamide
showed that such solutions are stable over a wide range of
temperatures and compositions.167

Films with satisfactory strength parameters (tensile strength of
800 -1500 kgf cm - 2, elongation at break 20% - 70%) are obtained
by moulding cardo polyamides from solutions.4'27'49'147>154

Polyamide films, for example, anilinefluorene polyterephthalamide
films, exhibit a high resistance to ultraviolet light and radiation. Thus
the strength of a film made from this polyamide remains unchanged
after exposure to 60Co y-rays in vacuo at a dose of 20 000 Mrad; 60%
of the strength is retained on irradiation in air at a dose of
3500 Mrad.154'166 The strength characteristics of the anilinefluorene
polyterephthalamide film remain unchanged also after subsequent
irradiation with UV light and electrons (50 MGy), while the relative
elongation and the heat resistance increase.158

Aromatic cardo polyamides exhibit a satisfactory chemical
stability.146'147 Thus the molecular mass of anilinephthalein
polyisophthalamide hardly changes after being kept for 40 h at
room temperature in concentrated sulfuric acid or in a 40% sodium

hydroxide solution. Films of this polyamide retain their strength and
elasticity after heating in water for 4 h at 200 °C. The polymer is
resistant to the action of boiling dimethylformamide and
dimethylacetamide.

Cardo polyamides have satisfactory electrical characteristics,
similar to those of other polyamides. Their stability is much higher
by virtue of their high heat resistance.4 Highly heat-resistant
monolithic articles with effective mechanical and antifriction
properties can be obtained by pressing filled and unfilled cardo
polyamides.4'147

A number of studies153> W6-157 of the matrix polycondensation of
the cardo polyanilinephthalein- and cardo polyanilinefluorene-
terephthalamides with less rigid chains in a medium comprising the
macromolecules of rigid-chain poly-/?-phenyleneterephthalamide
or polyphenylenebenzimidazoleterephthalamide have been carried
out in order to be able to regulate the structures of cardo polyamides
and hence their properties and to obtain polymer-polymer
compositions. Thus blends of aromatic polyamides obtained by low-
temperature polycondensation in solution of terephthaloyl chloride
with anilinefluorene (cardo polyamide 1) on a rigid-chain
poly-/> phenyleneterephthalamide matrix (matrix 2) and by the
retrosynthesis of poly-p-phenyleneterephthalamide (polyamide 2)
on a polyanilineterephthalamide matrix (matrix 1) have been
investigated.156'157 Interesting results have been obtained in the
synthesis of polyamide 1 on matrix 2. The matrix polyaniline-
fluoreneterephthalamide has the highest coefficient of friction at
elevated temperatures and the lowest intensity of linear wear of its
specimens (obtained by compression pressing), amounting to
2 x 10 ~10, which is five times smaller than for specimens of matrix
poly-p-phenyleneterephthalamide (retrosynthesis) and is smaller by
a factor of two than for a mechanical mixture of polyamides 1 and 2.
In contrast to polymer blends, obtained by retrosynthesis or by
mechanical mixing of polyamides 1 and 2, this polymer blend
could not be separated quantitatively into the corresponding
homopolymers by extraction with ./v-methylpyrrolidone. The
content of polyamide 1, which is as it were 'encapsulated' in matrix
2, is 55%. These data indicate a definite influence of the method of
synthesis of the polymer systems on their properties and also the
possibility of employing such aromatic polyamides for the creation
of antifriction materials with improved properties.157

The regulation of the properties of the polymers by varying the
previous history of their synthesis, carried out in the presence of a
matrix comprising one of the blend components, has also been
demonstrated in relation to polymer blends of polyphenylene-
benzimidazoleterephthalamide and polyanilinefluorenephthal-
amide.153 It was found that, depending on the structure of the
polymer, the structure of the matrix can exert both disordering and
ordering effects on the other polymer. This makes it possible not only
to alter the mechanical properties of the films but also to obtain films
from blends containing a large amount of the polymer which does
not itself form films (in the given instance, this is polyphenylene-
benzimidazoleterephthalamide, which is insoluble in organic
solvents and has a high softening temperature).

The possibility of the formation of linear-network polymer
systems based on a cardo polyamide and unsaturated cardo amides
in which the linear cardo polyamide is enclosed in a network
polymer matrix has been demonstrated.168 In particular, the
possibility of the polymerisation of amorphous and high-melting
(r m >35O °Q crystalline unsaturated cardo amides (for example,
anilinefluorene bisacrylamide) in a matrix comprising the
amorphous heat-resistant anilinefluorene polyterephthalamide has
been investigated. Films were cast from solutions in dimethyl-
formamide containing both the unsaturated bisamides and the
polyamide. It was found that anilinefluorene and anilinephthalein
bisacrylamides can be satisfactory blended with the polyamide and
that, when the crystalline anilinefluorene bisacrylamide is blended
with the cardo polyamide, it becomes amorphous. The crystalline
anilinefluorene bisacrylamide does not itself polymerise in bulk up
to 350 °C, but, when it is introduced into a matrix comprising a heat-
resistant cardo polyamide in an amount of 10- 100 mass %, it passes
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to the amorphous state and polymerises effectively with formation of
a network polymer in air at 250 °C in the course of 5 h. Such network
systems, filled with amorphous cardo polymers, exhibit a high
strength and heat resistance.168

Heat-resistant compositions based on cardo polyamides and
oligoepoxides have also been described. It has been observed that at
elevated temperatures epoxide compounds interact with aromatic
cardo polyamides via a mechanism involving the 'insertion' of a
fragment of an oxirane ring in the amide bond,80-81> l26-127> 169 giving
rise to three-dimensional polymer systems.

VIII. Polyimides
The cardo principle has been used successfully also for the synthesis
of polymers with a cyclochain structure. In particular, cardo
polyimides are the first representatives of heterocyclic cardo
polymers. Numerous studies have been devoted to their synthesis
and investigation (see, for example, Refs 2-4,49,146, and 171 - 269).
Cardo diamines such as anilinephthalide, anilinephthalimide,
anilinefluorene, anilineanthrone, anilinecyclohexane, and also the
dianhydride of bis(3,4-dicarboxyphenyl)phthalide combined with
various aromatic, aliphatic, and aliphatic-aromatic diamines as well
as the dianhydrides of tetracarboxylic acids have been used as the
starting materials for the synthesis of cardo polyimides.

It is noteworthy that the ready solubility of cardo polyimides has
led to the possibility of their synthesis by different procedures: by the
two-stage polycyclisation of tetracarboxylic acid dianhydrides and
diamines 2~4-4ft 146-174 ~177-2m-210 ~ 213> 218" 22°-223> 228'25Qi 258'262> 263-26S

with thermal and catalytic imidisation of polyamidoacids, by a
single-stage polycyclisation in solution both in the presence of
catalysts and without them (see, for example, Refs 2 - 4 , 49, 146,
171 -173,178 -183, 211 - 214, 217,222,223, 225,250, 258,261,263), by
the reaction of tetracarboxylic acid dichloride diesters and di-
amines,2 -4'49.'83-i85.2oo,2ii,26i a n d b y t h e polycyclisation of
tetracarboxylic acid dianhydrides and trimethylsilyl derivatives of
diamines.211'216-258

In the two-stage polycondensation, the first stage (the formation
of polyamidoacids) is carried out under the conditions of low-
temperature polycondensation in solution of solvents such as
dimethylacetamide, dimethyl sulfoxide, JV-methylpyrrolidone, etc.
The study of the kinetics of the formation of cardo polyamidoacids
from anilinefluorene and a number of dianhydrides in jV-methyl-
pyrrolidone 201-262 showed that, in terms of decreasing reactivity, the
dianhydrides can be arranged in the seriespresented in Scheme 9, the
most reactive dianhydride being to a large extent involved in side
reactions with the solvent or the impurities present in it. The rate of
reaction increases on passing from a less polar solvent (dioxane) to
a more polar one (methylpyrrolidone).201 The formation of
polyamidoacids involving the carboxy-groups arising on opening
of the anhydride ring was found to be autocatalytic.211-262 This made
it possible to develop catalytic procedures for the synthesis of
polyamidoacids and polyimides in the presence of carboxylic acids.

The catalytic method is extremely effective in the reactions of
relatively unreactive diamines [for example bis(4-aminophenyl)
sulfone] and tetracarboxylic acid dianhydrides [for example, bis(3,4-
dicarboxyphenyl) ether].

In the synthesis of polyimides, account must be taken of the
reversibility of the formation of polyamidoacids.69 '70-21 '•217 ~ 219 The
reversibility is manifested particularly strongly in the thermal
cyclisation of polyamidoacids, which leads to a sharp decrease in the
molecular mass of the polymer in the initial instant of the cyclisation
process. However, as the end groups accumulate, the resynthesis of
the polyimides as a result of the condensation of the fragments
formed via the terminal anhydride and amino-groups assumes an
increasing importance. A mechanism has been proposed for the
thermal imidisation of polyamidoacids (Scheme 10), taking into
account the occurrence of consecutive-parallel cyclisation reactions
of the o-carboxyamide units, their decomposition, and the
condensation of the resulting fragments, i.e. this process must be
described not by one but by at least three rate constants. The
difficulties in the synthesis of polyimides associated with the
instability of polyamidoacids and the reversibility of the imidisation
stage can to some extent be overcome by carrying out the
polycyclisation in the presence of catalytic systems 174.2i'-262 such as
mixtures of acetic anhydride with various tertiary amines, alkali
metal acetates, silazanes, mixtures of chlorotrimethylsilane with
tertiary amines, etc. By virtue of the mild temperatures (20 - 100 ° Q
at which the catalytic cyclisation takes place, it is possible to obtain
linear soluble polyimides with a reactive group, for example the
cardo polyimides derived from benzophenone-3,3',4,4'-tetra-
carboxylic acid, which are cross-linked via the ketogroup if
synthesised by other methods. One should also note that polymers
with extremely high molecular masses (up to 200000) can be
obtained by the chemical cyclisation of polyamidoacids, whereas
thermal cyclodehydration affords polyimides with a molecular mass
o f - 2 0 000.

Scheme 10
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The formation of polyamidoacids may be avoided by employing
as starting materials tetracarboxylic acid dichloride diesters
and diamines or tetracarboxylic acid dianhydrides and bis-
(trimethylsilyl) derivatives of diamines. Stable alkyl and silyl esters
of polyamidoacids are then obtained at an intermediate stage, as
shown in Scheme 11.

Scheme 9
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Scheme 11
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The cyclisation of polyamidoesters, which are hydrolytically
more stable than polyamidoacids, leads to polyimides with higher
molecular masses than those obtained by the cyclodehydration of
the corresponding polyamidoacids. High-molecular-mass poly-
imides (molecular mass in the range 100 000-140 000) are formed
on cyclisation of polyamidoesters in solution (for example, in
nitrobenzene and sulfolane) at 210 °C and also on chemical
cyclisation, which can be achieved directly in the film.

The solubility of cardo polyimides was a precondition for the
development of a fundamentally new method of their synthesis —
one-step high-temperature polycyclisation in an organic solvent
(nitrobenzene, sulfolane, p-nitrotoluene, a-chloronaphthalene,
cresol, etc.).2 - 4-49-171 - m-m ~182-2n-211-222 An equimolecular mixture
of the starting materials in a solvent is heated rapidly to 200 - 210 °C
in an inert gas stream and is maintained at this temperature for a
specified time (3 -10 h). The growth of the polymer chain (the
formation of the polyamidoacid) and intramolecular cyclisation
take place almost simultaneously. The one-step polycyclisation in
the presence of acid catalysts proved extremely
successful.49-181> 182'2U - 214 In this case, it is possible either to decrease
significantly the reaction time (down to 1 - 3 h), with formation of
polymers with extremely high molecular masses under these
conditions, or to carry out the process at lower temperatures
(140-160 °Q.

Carboxylic acids (for example benzoic acid) are effective
catalysts also in the synthesis of high-molecular-mass polyimides
from monomers with a reduced reactivity such as the dianhydride
ofnaphthalene-l,4,5,8-tetracarboxylicacid.214

Since, as mentioned above, the formation reaction of polyimides
is reversible, it follows that in order to obtain high-molecular-mass
polyimides, it is necessary to remove from the reaction sphere, as
fully as possible, the water evolved during cyclisation, which is
achieved by raising the reaction temperature, by carrying out the
reaction in an inert gas stream, by binding the water with chemical
reagents, etc. The simplicity of the one-step polycyclisation, its ready
reproducibility, and the possibility of obtaining polyimides with a
high molecular mass, which contain virtually no defective
o-carboxyamide units, makes it possible to regard this method as
promising for the synthesis of a wide variety of polyimides.211

In the synthesis of copolyimides, one must not forget that their
formation reaction is reversible. There is also no doubt that one
must take into account the involvement of polyimides in exchange
reactions at elevated temperatures, in the first place
aminolysis70-216'223-225'244-246'247'258 It has been shown that the
formation of the microstructures of copolyimides may depend on
three factors: the ratio of the reactivities of the comonomers, the rate
of introduction of the intermonomer into the reaction vessel, and the
occurrence or nonoccurrence of exchange reactions.

In the two-stage method of synthesis, the foundation of the
microstructure of copolyimides is laid in the stage involving the
formation of copolyamidoacids. Such a microstructure may be

retained or damaged in the subsequent cyclisation. Since in the two-
stage method of synthesis the polyamidoacids are formed close to
room temperature, the exchange reactions are then virtually ruled
out. For this reason, the formation of the copolyamidoacid
microstructure is determined by the ratio of the rates of the
interactions of the intermonomer with the comonomers, which
depend on their reactivities and on the rate at which the
intermonomer is introduced into the reaction. The formation of
block copolyamidoacids when there is a significant difference
between the reactivities of the comonomers is observed when the
intermonomer is introduced into the reaction zone comparatively
slowly, for example when it is added in the solid state (frequently in
portions). On the other hand, in the synthesis of the
copolyamidoacid by the rapid mixing of dianhydrides and
diamines, statistical copolymers are produced.

The microstructure of the copolyimides based on copoly-
amidoacids may be regulated by varying the cyclisation conditions.
In the cyclisation under the influence of chemical reagents,
occurring under mild conditions and not complicated by
degradative or exchange reactions, the microstructure of the
copolymer formed is identical with that of the corresponding
copolyamidoacid. In thermal cyclisation, accompanied by exchange
reactions, predominantly statistical copolyimides are formed from
both block copolyamidoacids and from statistical copoly-
amidoacids.

A detailed study of the one-step copolycondensation showed
that in this method of synthesis the copolymer microstructure
depends on the relative reactivities of the comonomers, the
differences between the reactivities of the functional groups of the
intermonomer, the rate at which the intermonomer is introduced
into the reaction, and the resistance of the imide rings to destructive
exchange reactions and is in many respects determined by the ratio of
the rates of the main polymer formation reaction and the exchange
reactions, in the first place aminolysis.70'216-223-225-258 When
aliphatic and aromatic diamines (for example, hexamethylene-
diamine and anilinefluorene) are used as the comonomers, while
the intermonomer is the dianhydride of bis(3,4-dicarboxyphenyl)
ether, statistical copolyimides are obtained owing to the occurrence
of effective aminolysis. The increase in the rate of formation of the
polymer when the much more reactive pyromellitic dianhydride is
used permits the formation of a copolyimide with a block structure.
The microstructure of copoly(naphthoylene imide), which is more
resistant to aminolysis, can be altered deliberately by varying the
reaction conditions. Statistical copolyimides are obtained when the
starting materials and the catalyst (benzoic acid) are introduced
simultaneously into the reaction, whilst in the case where the
intermonomer is added slowly together with the catalyst to a
solution of a mixture of diamines, the product is a copolyimide with
a block structure. Scheme 12 presents the overall mechanism of the
formation of copolyimides by the one-step and two-stage methods.

The use of siloxane-containing diamines, together with cardo
diamines, for the synthesis of copolyimides makes it possible to
obtain high-molecular-mass siloxane-containing copolyimides
with different numbers of dimethylsiloxane fragments in the repeat
unit (Scheme 13). Such copolyimides have been synthesised by the/
low-temperature polycondensation of tetracarboxylic acid
dianhydrides and diamines in solution with subsequent /
cyclodehydration of the copolyamidoacids in the presence of
chemical reagents under conditions promoting the initial formation
of siloxane-amidoacid and then arylene-amidoacid fragments.198

The presence of a cardo group in rigid-chain polymers such as
polyimides affects primarily their solubility.2-4,46,49,ra, 175,ne.
179,186,187,211,263,270 Many cardo polyimides are readily soluble in
organic solvents: dimethylformamide, dimethylacetamide, methyl-
pyrrolidone, dimethyl sulfoxide, hexafluoroisopropyl alcohol,
sulfolane, chloroform, methylene chloride, tetrachloroethane,
phenol, m-cresol, nitrobenzene, etc., while individual polyimides
are soluble in dioxane and cyclohexanone. Among the cardo groups
investigated, the asymmetric phthalide and phthalimidine groups
impart the highest solubility to polymers. Their introduction
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increases the solubility of even the polyimides with a most rigid chain
such as polypyromellitimide and poly(l,4,5,8-naphthoylene imide).
The solubility of cardo polyimides is influenced appreciably also by
the structure of the tetracarboxylic acid dianhydride. It has been
found that the different groups entering into the composition of the
main chain of the polymer can be arranged in a sequence, in terms
of their influence on solubility, in which each successive group
expands the range of the solvents for the polymer (Scheme 14).211

Polyimides containing cardo groups in both the dianhydride and
diamine components, (for example, phthalide or phthalide
and fluorene) are more soluble than the polyimides containing
only one such group in the elementary unit. (In particular,

the former acquire solubility in cyclohexanone.186) The presence of
the phthalide cardo group solubilises adamantane-containing
polyimides based on the dianhydride of bis(3,4-dicarboxyphenyl)-
phthalide, while their analogues based on the dianhydrides of
pyromellitic and benzophenone-3,3',4,4'-tetracarboxylic acids are
insoluble.234 The synthesis of cardo copolyimides has led to
extensive possibilities for the variation of solubility. In particular,
the formation of copolyimides is an effective method of imparting
solubility to polyimides derived from naphthalenetetracarboxylic
add70,225

The effect of solvent antagonism has been observed for certain
cardo polyimides. Such antagonists are dimethylformamide,
dimethyl sulfoxide, dimethylacetamide, and methylpyrrolidone, on
the one hand, and methylene chloride, chloroform, and
tetrachloroethane, on the other.211-263 Thus the polyimide derived
from anilinefluorene and bis(3,4-dicarboxyphenyl) ether does not
dissolve in a 1:1 (vol %) dimethylformamide - chloroform mixture,
but is readily soluble in each of these solvents. This effect is
manifested even more strikingly in anilinephthalein
poly(naphthoylene imide), which is insoluble in nitro-
benzene - methylpyrrolidone mixtures with different proportions of
the individual solvents.

The majority of cardo polyimides are amorphous, but some of
them tend to crystallise, which exerts a considerable influence on
their solubility. Thus anilinefluorene and anilineanthrone poly-
pyromellitimides and poly(naphthoylene imides) are weakly
crystallising polymers which are insoluble in organic solvents (in
contrast to the corresponding polyimides with phthalide groups).211

The ready solubility of cardo polyimides in organic solvents has
led to the possibility of investigating their molecular mass
characteristics and the determination of their constants in the
Mark - Kuhn - Houwinkequation (Table 5).195-202-2O5-2n- 23°-2<a 268

W = KMZ
A number of studies167'233-235 have been devoted to the

investigation of solutions of cardo polyimides in greater depth. Thus
the study of solutions and gels of anilinephthalein
polypyromellitimide in dimethylformamide showed that solutions
of the polyimide lose their stability after a time, become turbid, and
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Scheme 14

are converted into a gel, which can be explained by the poor
thermodynamic affinity of the polyimide for dimethylformamide.
It follows from X-ray diffraction and polarised light scattering
data that the polyimide gels contain both isotropic and aniso-
tropic regions having approximately the same dimensions
(~400-600 nm).167 The second virial coefficients of solutions of
the polyimide derived from anilinephthalein and bis(3,4-di-
carboxyphenyl) ether in iV-methylpyrrolidone, dimethyl sulfoxide,
chloroform, THF, and dimethylformamide have been determined.

It has been shown that the molecular masses of this polymer in
various solvents are virtually identical, which indicates the absence
of association.233 The phase diagram for solutions of cardo
polypyromellitimides and poly(naphthoylene imides) with fluorene,
phthalide, and anthrone groups in fused antimony trichloride has
been investigated. The formation of spherulites of anilinefluorene
polypyromellitimide and anilinefluorene poly(naphthoylene imide)
solutions and of nonordered anisotropic rods has been established
for the anilinephthalein pyromellitimide system in antimony
trichloride. The results indicate the possibility of the crystallisation
of cardo polypyromellitimides and cardo poly (naphthoylene imides)
in antimony trichloride on phase separation of their solutions, which
leads to new possibilities for the regulation of the properties of these
polymers.235

Table 6 (see over) presents the softening temperatures of a series
of cardo polyimides.211'265 It is seen from these data that polymers
with three and five condensed rings in the dianhydride residue have
the highest heat resistance, which is significantly higher than that of
the polyimides with phthalimidine groups having similar chemical
structures (cf, for example, polymers Nos 1 and 10,5 and 4, or 6,7,
and 8).

Scheme 15 presents examples of the structures of aliphatic-
aromatic and aromatic cardo copolyimides.49'214'216> 223-225> 258 Their
heat resistance may be varied within wide limits (160 - 500 °Q by
varying the chemical structures and microstructures of the
copolymers. The softening temperatures of the aliphatic-aromatic
polyimides increase consistently with increase in the cardo diamine
proportion in the macromolecule and on passing to polyimides with
six-membered imide rings.

Like other aromatic polyimides, aromatic cardo polyimides
have high thermal stability.164-l79-187-191 -193-2n- 25°-26S Polyimides
with anthrone and fluorene groups are the most thermostable, the
onset of decrease in their mass being observed at 500 - 520 °C. They
retain 70% of their mass on heating to 900 QC under an inert
atmosphere. The cardo groups in polyimides with anthrone and
fluorene groups are stable virtually up to the same temperatures as
the imide ring, whereas in the polyimides with phthalide and
especially with cyclohexylidene groups, destruction affects
primarily the cardo groups. According to the results of dynamic
thermogravimetric analysis (heating rate 4.5Kmin~1), the
polyimides with phthalide groups begin to decompose in air at

Table 5. The constants in the Mark-Kuhn-Houwink equation for the cardo polyimides
< > < N

OC CO

N Ar2

Ar1 Ar2 Solvent

Dimethylformamide

JV-Methylpyrrolidone

Dimethylformamide

Dimethylacetamide

0.71

1.28

8.91

0.88

0.77

0.56

3.33 0.64
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R'(NH2)2 + R2(NH2)2

- 2 H 2 O
Scheme 15

CO

CO CO
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-R1—N Ar N-
\ / \ /

CO CO
-R2—N Ar N-

\ / \ /
CO CO

R1 = (CH2),,(« = 6,8,12);

[X = C(CF3)2, SO2];

Z = bond, O, CO, SO2> C(CF3)

450-490 °C. Saturation of the polymer chain by fragments with a
large number of condensed rings in the system and replacement of
the five-membered phthalimide groups by the six-membered
naphthoylene imide groups increase the thermal stability of the
cardo polyimides. On heating in helium (heating rate 5 K min~'),
the 'coke' residues from carborane-containing anilinefluorene
cardo polyimides with 1,7- and l,2-bis(3,4-dicarboxyphenyl)-
carboranes amount to 92% and 80% respectively.265

The pyrolysis of the cardo polyimide obtained from
anilinefluorene and the dianhydride of benzophenone-3,3',4,4'-
tetracarboxylic acid has been investigated in the temperature range
from 450 to 3000 °C.249-253'266 It was noted that thermochemical
transformations begin in the polymer at a temperature above
450 °C. In argon, destructive processes take place most vigorously
at 550-650 °C (with a 20-22% mass loss). At 700-750 °C, the
formation of the polyimide coke residue, containing 92.5% carbon,
is largely complete. It was of interest to note that, in contrast to a
series of the usual polypyromellitimides, heat treatment of the
cardo polyimide up to 3000 °C leaves a residue of up to 0.75% of the
nitrogen forming part of the composition of condensed six-
membered rings. As a result of pyrolysis, the electrical resistance of
the system decreases by 12 - 13 orders of magnitude. The carbon
materials thus obtained have a high mechanical strength, a low
coefficient of friction, and, in contrast to graphite, a very low
porosity. It was established that the electrical conductivity of the
polyimide-based carbon materials may be increased still further by
their thermal decomposition in various metal (copper, nickel, zinc,
and iron) formates.251

The ability of soluble cardo polyimides to form charge-transfer
complexes with low-molecular-mass (7V-methylcarbazole) and high-
molecular-mass (poly-Ar-vinylcarbazole) electron donors has been
noted; in the latter case, a very distinct cooperative polymeric effect
is observed.252

The radiolysis of anilinephthalein polypyromellitimide on
prolonged y-irradiation in vacuo has been investigated.254 The high
radiation stability of this polymer was demonstrated. The radiation-
induced electrical conductivities of certain copolyimides have been
studied in the course of their irradiation in vacuo by electron pulses

with an energy of 65 keV. It was established that the macrostructure
(block or statistical) of the copolyimide exerts a definite influence on
the electrical conductivity.256

The high heat resistance, thermal stability, radiation resistance,
and chemical stability of cardo polyimides, as well as the possibility
of working many of them in the 'cyclised' form makes them
promising for practical use in the manufacture of various articles
designed for prolonged use at temperatures above 200 °C.

Virtually colourless strong films (tensile strength
1000-1100 kgf cm"2 , elongation at break 40%-70%), the
electrical properties of which in the temperature range 20 - 300 °C
are not inferior to the familiar Kapton H film, are obtained from
solutions of cardo polyimides by casting.211 The study of the optical
properties of polyimide films obtained from anilinefluorene and
bis(3,4-dicarboxyphenyl) ether showed that they exhibit a high
optical transmittance at 500 nm (81%-87%) and are thermo-
photoradiation-resistant. After heat treatment at temperatures up
to 300 °C or after UV irradiation at a dose equivalent to a 300 h
exposure to sunlight, the optical transmittance of the film
diminishes by only 1% - 3%.158

The cardo polyimide based on anilinefluorene and bis(3,4-
dicarboxyphenyl) ether (PIR-2 brand) has been used successfully for
the preparation and attachment by adhesive at room temperature of
resistance strain gauges for the measurement of static deformations,
operating over a wide temperature range (from —190 to 300 °Q.
A series of cardo polyimides can be worked in the fused state into
strong plastics for various purposes. Thus the compressive strength
of PIR-2 plastics is 1800 kgf cm~2 and their modulus of elasticity is
2.2 xlO4 kgf cm"2.211 The strengths and moduli of elasticity on
compression of plastics made from a series of cardo copolyimides
reach 1400-2100 and (1.7 to 2.2) x 104 kgf cm" 2 respectively, the
strength characteristics remaining virtually unimpaired after
preliminary heating of the plastics to 200-240 °C.223 Monolithic
plastics with an impact strength of 15 kgf cm cm" 2 and a bending
strength of 700-1000 kgf cm""2 have been moulded from cardo
copoly(naphthoylene imides) by the hot pressing method.225

The satisfactory solubility of cardo polyimides and their
compatibility with many polymers and oligomers, for example, with
phenolformaldehyde and epoxide polymers, ensured their approval
as heat-resistant fibre-forming materials, as binders for reinforced
plastics, as coatings, and as adhesives.126-127> 211-264 In particular, the
modification of epoxide oligomers by cardo polyimides leads to the
formation of cross-linked polymer systems superior as regards heat
resistance, strength, and other properties to materials obtained with
the aid of the usual hardening agents for epoxide oligomers. For
example, the use of polyimide-epoxide compositions as binders
for reinforced carbon plastics proved successful. The compressive
strength of such plastics is 2900-4200 kgf cm- 2 at 20 °C and
remains virtually unchanged up to 250 °C.264

A linear-network system, in which the linear amorphous cardo
polyimide is enclosed in a network polymer matrix, has been
obtained by the polymerisation at 200-250 °C of anilinefluorene
bisacrylamide in a matrix comprising a cardo polyimide based on
anilinefluorene and bis(3,4-dicarboxyphenyl) ether. This system has
a high strength and heat resistance.168

The high thermal stability of the imide rings combined with the
valuable physicomechanical properties of the materials based on
linear polyimides made it desirable to develop methods of synthesis
of thermoreactive polyimides based on reactive oligomers having
comparatively low softening temperatures. By imparting
thermoreactive properties to polyimides, the possibilities for their
processing into various materials are expanded. In particular,
thermoreactive polymers containing imide rings have been
synthesised from the dianhydrides of tetracarboxylic acids and the
corresponding diamines with subsequent blocking of the terminal
amino-groups by the acrylic or methacrylic acid chlorides in
the oligomeric amidoacid stage (Scheme 16a) or the oligoimide
stage (Scheme 16b).206 A series of studies have been devoted to
the preparation and study of certain oligomeric cardo imides
with terminal unsaturated acrylamide and methacrylamide
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groups.49-168-203-204.206-207-211'245.259 They have been obtained in
quantitative yields and with a specified degree of polymerisation.

Unsaturated oligoimides obtained from cardo diamines and
having terminal acrylamide and methacrylamide groups are
amorphous substances readily soluble in dimethylformamide,
dimethylacetamide, and tetrachloroethane with formation of
concentrated solutions. Their softening temperatures can be
regulated by varying the nature of the cardo group and the degree of
polymerisation of the oligomer. Thus, when the degree of
polymerisation of the oligoimide obtained from anilinephthalein
and benzophenone-3,3',4,4'-tetracarboxylic acid and having
terminal acrylamide groups is increased from 3 to 10, its softening
temperature increases from 210 to 280 °C, remaining at the same
time appreciably lower than the softening temperature of the
corresponding high-molecular-mass linear polyimide (380 °Q.

Cross-linked insoluble polymers which do not soften up to the
onset of thermal destruction have been obtained by the thermal
polymerisation in bulk of unsaturated cardo oligoimides in air at
250-310 °C. The thermal destruction develops vigorously only at
temperatures above 400 °C.206 Glass fibre-reinforced plastics with
a low porosity and a high bending strength (4000 - 5000 kgf cm~2)
both at room and elevated temperatures have been prepared from
solutions of unsaturated anilinefluorene- and anilineanthrone-
benzophenone-3,3',4,4'-tetracarboxylic acid oligoimides in
JV-methylpyrrolidone.259

The above unsaturated oligoimides have been used successfully
to prepare copolymers with monomers such as iV-vinylpyrrolidone,
JV-phenylmaleimide, and the bismaleimides obtained from various
aliphatic diamines, the oligomers being readily soluble in such
monomers.49-207-211'259 It was established that the cross-linked
copolymers are formed at lower temperatures than the
corresponding cross-linked homopolyimides. Thus the use of
Af-vinylpyrrolidone makes it possible to reduce the polymerisation
temperature by 50-80 °C.207 The cross-linked copolymers
obtained in up to 90% yields by thermal polymerisation at
200-250 °C have high heat resistances and chemical and thermal

stabilities.207-2n-259 Such copolymers begin to undergo deformation
only at temperatures above 300 °C, and, according to dynamic
thermogravimetric data, the onset of decrease in their mass in air is
in the temperature range from 350 to 400 °C. The cross-linked
copolymers of unsaturated polyoligoimides as well as the
corresponding network homopolyimides undergo hardly any
change in their mass on being kept for a week in sulfuric and nitric
acids, 25% ammonia, and 10, 20, and 40% solutions of sodium
hydroxide. In this respect, they are superior to their linear analogues,
which undergo appreciable destruction under the conditions
indicated.

The satisfactory solubility of the unsaturated cardo oligoimides
in a monomer such as ./V-phenylmaleimide makes it possible to
obtain from them (without using an inert solvent as a binder)
reinforced plastics (using organic and glass fibres) having a high
mechanical strength both in the initial state and after prolonged
maintenance at elevated temperatures. For example, the glass fibre-
reinforced plastic based on the cross-linked copolymers of
A^-phenylmaleimide and the anilinefluorene - benzophenone-
3,3',4,4'-tetracarboxylic acid cardo oligoimide with terminal
acrylamide groups and n = 5 (Scheme 16) has tensile strengths of
15500 and 15 000 kgf cm" 2 and bending strengths of 8500 and
14000 kgf cm"2 at room temperature and 250 °C.211

The cross-linked copolymers based on the unsaturated
oligoimides considered and the bismaleimides obtained from
aliphatic diamines have interesting properties These are solid,
transparent, heat-resistant substances which do not undergo
deformation up to the onset of thermal decomposition (the
temperature of which in air is 400-450 °C according to
thermogravimetric data). They have effective mechanical properties.
At room temperature, the above substances have a compressive
strength of 2000 kgf cm ~2 and a modulus of elasticity on
compression in the temperature range from 180 to 300 °C of
(4-7) x 103 kgf cm~2 which shows that such copolymers exhibit
properties similar to those of leather over a wide range of elevated
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temperatures. This makes it possible to regard them as promising
materials for high-temperature hermetic seals.211'259-260

Network cardo polymers of the polyaminoimide
type 49-2O8'209- 260 have been synthesised by the interaction of TV.JV'-
hexa-, octa-, nona-, deca-, and dodecamethylenebismaleimides
with cardo diamines (anilinefluorene, anilinephthalein). The
process may be regulated by varying the conditions under which it
is carried out (temperature, reaction time, proportions of starting
materials, addition of a catalyst and initiator) and by regulating the
contribution of each of the two main reactions: migration
polymerisation (addition of amino-groups to double bonds) and
three-dimensional copolymerisation (via carbon—carbon double
bonds). The density of the three-dimensional polymer network and
the length of the fragments between its nodes change under these
conditions. Network cardo polyimides of this type are solid
monolithic materials insoluble in organic solvents and charac-
terised by a valuable set of physicochemical properties: high heat
resistances and chemical and thermal stabilities, and effective
physicomechanical parameters.

We shall deal with yet another type of cardo polyimides, the so
called functional cardo polyimides containing in their polymer
chains free functional groups, which in a number of instances impart
specific properties to the polyimides and give rise to the possibility of
their further chemical modification.269

Thus the synthesis of cardo polyimides with free hydroxy-groups
[the dianhydrides of bis(3,4-dicarboxyphenyl)methanol and cardo
diamines were used as the starting materials] has been achieved.
Copolyimides with benzimidazole rings, containing a free reactive
NH group, in the main chain have been obtained by the
polycondensation of various tetracarboxylic acid dianhydrides
with a mixture of a cardo diamine and 5(6)-amino-2-(4-
aminophenyl)benzimidazole. Aromatic polyimides with reactive
quinuclidine cardo groups have been synthesised by the reaction
of various tetracarboxylic acid dianhydrides with 3,3-bis(4-

H2NHNOC- j y \ CONHNH2 + C1OC

aminophenyl)quinuclidine. Polyimides with functional groups are
readily soluble in organic solvents and have satisfactory heat
resistances, thermal stabilities, and dielectric characteristics as well
as enhanced adhesive properties and they form strong transparent
films. The possibility of modifying epoxide oligomers by polyimides
derived from bis(3,4-dicarboxyphenyl)methanol has been
demonstrated. Such modification afforded cross-linked polymer
systems with heat resistances and mechanical strengths superior to
those of the epoxide oligomers hardened by the traditional methods.
The presence of quinuclidine fragments in the polyimides gives rise
to prospects for their employment as catalytic systems and for their
further chemical modification at the tertiary nitrogen atoms of the
quinuclidine ring system.

IX. Poly-l,3?4-oxadiazoles
The introduction of cardo groups also into polymers with a
cyclochain structure such as poly-l,3,4-oxadiazoles has been
successful.2-4'12-49-76'77-186-270-296 The high heat resistances and
thermal stabilities of aromatic polyoxadiazoles together with the
comparatively ready availability of the initial compounds
(dicarboxylic acids and their derivatives) used for their synthesis are
responsible for the interest in these polymers.297"300 However,
aromatic polyoxadiazoles are in the main high-melting polymers
insoluble in organic solvents. This limits the possibilities for the
comprehensive investigation of such polymers and in many cases
their practical applications.

Bis(4-carboxyphenyl)phthalide and its derivatives (the acid
chloride and dihydrazide) containing a central carbon atom in the
polar cyclic side group270"275 and also 2-[3,3-bis(4-carboxy-
phenyl)]-7V-phenylphthalimidine and its derivatives containing
./V-phenyl-2-phthalimidine cardo groups293 were selected as the
starting materials for the synthesis of cardo polyoxadiazoles.

Scheme 17
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The polymers were synthesised by a two-stage polycyclisation
method in which low-temperature polycondensation was employed
in the first stage in order to produce a polyhydrazide with its
subsequent cyclisation and by one-step polycyclisation in
polyphosphoric acid (Scheme 17).

The ready solubility of the polyhydrazides based on bis(4-
carboxyphenyl)phthalide and its derivatives owing to the presence
of phthalide cardo groups permits their successful synthesis by low-
temperature polycondensation not only in hexamethylphosphor-
amide, normally employed in the synthesis of aromatic
polyhydrazides, but also in other organic solvents (iV-methyl-
pyrrolidone, dimethylacetamide).271 Admittedly, polyhydrazides
with a high molecular mass (j/red= 2x10 d ig" 1 in dimethyl-
formamide) are obtained only in hexamethylphosphoramide
apparently as a result of the much smaller tendency of this solvent
(compared with dimethylacetamide and iV-methylpyrrolidone) to
undergo side reactions with acid chlorides.

The thermal cyclodehydration of the polyhydrazide based on
bis(4-carboxyphenyl)phthalide, like that of the polyhydrazides of
aromatic dicarboxylic acids, requires extremely severe conditions
as regards temperature in order to attain high degrees of cyclisation:
prolonged (of the order of 30 h) heat treatment of the polymer at
300 °C in vacuo is needed. If the cyclodehydration of cardo
polyhydrazides is carried out by treatment with the
dimethylformamide - sulfur trioxide or dimethylacetamide - sulfur
trioxide complex, it is possible to reduce the temperature (to 100 °Q
and the reaction time(to 5 h).4*270'271-275

The characteristic features of the formation of cardo
polyoxadiazoles by one-step polycondensation in polyphosphoric
acid have been investigated in detail.49'271-275-281 It was found that a
side reaction involving the lactone ring takes place, leading to the

formation of an insoluble cross-linked polymer, together with the
growth of the polymer chain, in the one-step polycyclisation of the
dihydrazide of bis(4-carboxyphenyl)phthalide in polyphosphoric
acid and also in the interaction of bis(4-carboxyphenyl)phthalide
with hydrazine sulfate. The side reaction may be avoided if the
polyoxadiazole is synthesised from bis(4-carboxyphenyl)phthalide
and its dihydrazide or the dihydrazides of other aromatic
dicarboxylic acids, or from the dihydrazide of bis(4-carboxy-
phenyl)phthalide and various aromatic dicarboxylic acids.

A series of characteristics of the formation of polyoxadiazoles
have been investigated in relation to the reaction of bis(4-
carboxyphenyl)phthalide with its dihydrazide. It was established
that the results of the polycondensation (yield and molecular mass
of the polymer) and the possibility of the occurrence of side
reactions are greatly influenced by the ratio of the starting
materials, the reaction temperature, the reaction time, the
concentration of the starting materials, and the content of
phosphorus pentoxide in polyphosphoric acid. Thus a soluble
polymer with a high molecular mass is obtained for the
equimolecular ratio of the starting materials. An excess of the acid
gives rise to a decrease in molecular mass, while an excess of the
dihydrazide leads to the formation of an insoluble polymer as a result
of the side reaction involving the lactone ring. When the process is
carried out at 140 °C, it is desirable to continue it over a period of
5 h. Polymers with the highest molecular mass are obtained when
the concentration of the starting materials is approximately
0.3 mole per kilogram of phosphoric acid. The molecular mass of
polyoxadiazole depends greatly on the concentration of phosphorus
pentoxide in polyphosphoric acid, increasing significantly with
increase in the content of the pentoxide from 82% to 86%. However,
polycondensation in polyphosphoric acid containing about 84% of

Table 7. The properties of the cardo polyoxadiazoles

Temperature/ °C

softening

Mechanical properties
of nonoriented films

onset of decomposition crr/kgf cm" £(%)"

390

390

360

400

340

335

400

430

400

430

430

420

1200

2200

1200

2400

1400

80

10

75

100

1 <7r is tensile strength of the film. b s is relative elongation at break.
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phosphorus pentoxide is preferable on technological grounds.
Mixed polyhydrazides and polyoxadiazoles were obtained when
one of the initial components was replaced by the corresponding
derivative of an aromatic dicarboxylic acid such as isophthalic,
terephthalic, and biphenyl-4,4'-dicarboxylic acids, bis(4-carboxy-
phenyl) ether, benzophenone-4,4'-dicarboxylic acid, or 1,2- and
l,7-bis(4-carboxyphenyl)carboranes.

All three methods of synthesis (thermal dehydration, chemical
dehydration in the presence of the dimethylformamide-sulfur
trioxide complex, and one-step polycyclisation in polyphosphoric
acid) can be used successfully for the synthesis of cardo
polyoxadiazoles. However, polymers with a high molecular mass
(up to 300 000) are obtained when the process is carried out in
polyphosphoric acid.49-271- 275

The homopolymers and copolymers of 1,3,4-oxadiazoles with
JV-phenyl-2,2-phthalimidine cardo groups have been synthesised
successfully by one-step polycondensation in polyphosphoric
acid.293 In this case, the polyoxadiazoles were obtained by the
interaction of salts of hydrazine or dicarboxylic acid dihydrazides
with 2-[3,3'-bis(4-carboxyphenyl)]-N-phenylphthalimidine. The
presence of the 7V-phenyl-2,2-phthalimide group in the initial
monomer (in contrast to the phthalide group) rules out the
occurrence of undesirable side reactions during synthesis. The
synthesis of polyoxadiazoles from hydrazine sulfate involves the
formation of polymeric adducts with sulfuric acid having high heat
resistances and thermal stabilities and satisfactory solubilities even
in solvents such as acetone, THF, ethyl methyl ketone, dioxane, and
cyclohexanone.

Table 7 presents some properties of a series of cardo
polyoxadiazoles with phthalide groups which have been
obtained.49-271-275 These polymers have high heat resistances and
thermal stabilities. Thus the softening temperatures of
polyoxadiazoles are from 340 to 400 °C According to
thermogravimetric data (heating rate 5 K min"1), these polymers
begin to decompose in air at 400 - 430 °C. Cardo polyoxadiazoles
are resistant to the action of water and corrosive media at room
temperature and to the action of water at 100 °C.271-291 Comparison
of the thermomechanical curves for the polyoxadiazole derived
from bis(4-carboxyphenyl)phthalide and the noncardo poly-2,5-
(4,4'-diphenylene oxide)-l,3,4-oxadiazole in the amorphous state
revealed the influence of the cardo group on the heat resistance of
polymers of this type: the softening temperature of the cardo
polymer exceeds by approximately 150 °C that for the noncardo
polyoxadiazole.49-271

Among various polyoxadiazoles with phthalide groups, poly 2,5-
(4,4'-diphenylphthalide)-l,3,4-oxadiazole has the highest solubility.
It is soluble in methylene chloride, tetrachloroethane, dimethylacet-
amide, hexamethylphosphoramide, pyridine, benzyl alcohol,
methylpyrrolidone, etc. The solubility of cardo polyoxadiazoles
gives rise to the possibility of obtaining different articles from them
by moulding from solution. Strong transparent films, with effective
physicomechanical and dielectric properties both at room and
elevated temperatures, are formed from solutions of cardo
polyoxadiazoles.271-275 Thus the strength of films of the homopoly-
oxadiazole obtained from bis(4-carboxyphenyl)phthalide is
1000 kgf cm" 2 after heating at 250 °C for 500 hand 400 kgf cm"2

after heating at 300 °C for 1000 h (the initial strength is
1200 kgf cm-2). At 20 °C and a frequency of 5000 Hz, the specific
volume resistivity of this polymer is 6 x 1015 Q cm, while the tangent
of the dielectric loss angle is 3.2 x 10 ~2; at 300 °C, these parameters
are respectively 10° Q cm and 2.0 x 10 ~ 2.

The solubility of cardo polyoxadiazoles made it possible to
investigate for the first time the hydrodynamic properties,
polydispersity, and the molecular mass characteristics of cyclochain
polymers of this type.178-179-270-271-282-287 For the cardo
polyoxadiazole obtained from bis(4-carboxyphenyl)phthalide in
dimethylacetamide and THF, the Mark-Houwink equations are
[rj] = 7.74 x 10-4 M0S1 and [rj] = 4.00 x 10"4 M0Mrespectively.The
polydispersity coefficient for this polymer, synthesised by one-step
polycyclisation in polyphosphoric acid, is 3.0 - 3.I.270-278> 279

Polyoxadiazoles containing phthalide rings in the side chain
have an amorphous structure regardless of the method of synthesis,
whereas the familiar poly-l,3,4-oxadiazoles, synthesised in two
stages, have a crystalline structure.275 The radiation stability of the
polyoxadiazole based on bis(4-carboxyphenyl)phthalide is fairly
high and is superior to that of polyethylene terephthalate) and
polycarbonate.288

The use in the synthesis of cardo polyoxadiazoles of phosphorus-
containing monomers such as bis(4-carboxyphenoxymethyl)-
methylphosphine oxide, bis(4-carboxyphenyl)methylphosphine
oxide, and bis(l-carboxy-3,5-dichloro-4-phenoxymethyl)methyl-
phosphine oxide together with bis(4-carboxyphenyl)phthalide and
its hydrazide made it possible to obtain phosphorus-containing
cardo polyoxadiazoles with a satisfactory solubility, high heat
resistance and thermal stability, effective adhesive properties, and
an enhanced resistance to combustion.285-294-295

Cardo polyoxadiazoles may be of interest for the electrical
engineering industry, machine building, aircraft construction, and
other industries employing materials in units and constructions
designed for prolonged use at 200 - 300 °C. They have been used in
the form of powders and solutions for the preparation of glass fibre-
reinforced and carbon plastics, moulding materials, films, coatings,
adhesives, filtering materials, including materials of the membrane
type, and heat- and atmosphere-resistant anticorrosion coatings.
Table 8 presents certain data on the properties of the moulding

Table 8. The properties of the 'Niplon 1' polyoxadiazole.

Parameter

Density/g cm"3

Tensile strength /kgf cm"2

at 20 °C
at 325 °C

Young's modulus /kgf cm"2

Bending strength /kgf cm"2

in the initial state
at 20 °C
at 300 °C
after thermal ageing
for 2000 h at 300 °C

Compressive strength /kgf cm
in the initial state
at 20 °C
at 300 °C
after thermal ageing
for 200 h at 300 °C

Specific impact
strength /kgf cm cm"2

Brinell hardness
/kgf cm- 2

Vicat's temperature
resistance / °C

Specific volume
resistivity /Q cm

Tangent of dielectric loss
angle at 106 Hz

Dielectric constant
at 106 Hz

Dielectric strength /kV mm" '

Water absorption
after 24 h (%)
after 1 month (%)

Moulding
material

1.34

600
100

-

600
400

- 2

1900
600

700

12

1900

330-340

1015

0.01

3.7

18

1.2

Glass fibre-
reinforced
plastic

1.8

-

3 x l 0 5

4000
3500
1200

-

-

3300

2 x l O 1 4

0.015

4.0

-

0.70

Carbon
plastic

1.3

3500

9 x l O 5

5000
3700
3000

-

35

3700

-

-

—

-

-
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materials and glass fibre-reinforced and carbon plastics based on
the'Niplon 1 'cardo poly-l,3,4-oxadiazole.301-302

The data presented above show that cardo polyoxadiazoles have
a set of valuable properties and are promising for practical
employment.

Summarising the foregoing, one should note that the 'cardo'
principle has been justified in a series of different types of polymers:
polyarylates, aromatic polyethers, polyamides, polyarylene-
phthalides, epoxide polymers, polyheteroarylenes with a cyclochain
structure (polyimides, polyoxadiazoles, polybenzoxazoles,303"308

polybenzimidazoles 309) etc. A characteristic feature of the cardo
polymers, distinguishing them from their noncardoanalogues, is a
combination of an enhanced heat resistance with a satisfactory
solubility in organic solvents whilst retaining other valuable
properties characteristic of the particular type of polymer to which
they belong. This makes the employment of such polymers for
practical purposes undoubtedly promising.

As shown above, the properties of cardo polymers depend on
their chemical and physical structures and can be altered
deliberately by varying the latter, including a transition from
polymers of one class to another. For example, the heat resistances
and the operating temperatures of cardo polymers and the materials
based on them increase on passing from aromatic polyethers to
polyarylates and aromatic polyamides and polyimides.

The solubility of cardo polymers in readily available organic
solvents made it possible to investigate a series of common features
of the formation of polymers with a cyclochain structure, which had
not been possible previously owing to the insolubility of these
polymers. The solubility of cardo polymers and their satisfactory
compatibility with various monomers, oligomers, and polymers has
also led to unlimited possibilities for the creation of new polymers in
a matrix comprising cardo polymers and hence the creation of new
valuable polymer systems.
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Abstract. Published data on the activity and selectivity of
titanium-containing catalysts of esterification and trans-
esterification reactions are surveyed. The influence of the nature
of ligands and of the composition of the medium on the activity of
catalysts is shown. The selectivity of the catalysis is considered
from the viewpoint of information transmission theory. The
bibliography includes 61 references.

I. Introduction
The esterification of carboxylic acids has been studied for 130
years. This reaction may be considered to be a classical topic of
physical organic chemistry. Its investigation is associated with
such names as Berthelot, Ostwald, Menshutkin, Guldberg,
Waage, and others.1 Esterification and transesterification
reactions occupy an important place in industrial organic
synthesis; they are widely used for the production of solvents,
perfumes, polymers, and plasticisers.

Esterification reactions are traditionally catalysed by strong
protic acids, which are active and cheap catalysts, although not
free from certain drawbacks. Among these drawbacks one should
note the low selectivity of protic acids caused by their ability to
accelerate many side reactions, the necessity to neutralize the
catalyst and to purify substantial amounts of effluent, and
corrosion of the equipment.2'3 This has stimulated the search for
new catalysts for esterification and transesterification; a broad
range of organic and inorganic compounds of various metals have
been proposed as these catalysts, and titanium compounds occupy
a special place among them. The high activity and selectivity of
titanium-containing catalysts, their good solubility, and the
absence of acidic effluent, which causes corrosion, are the reasons
why these catalysts are frequently used in industry. Titanium
compounds are used as catalysts for the synthesis of ester-based
plasticisers, mostly dioctyl phthalate3"5 and poly(alkylene
terephthalates) — the polymers that have found application in
the production of synthetic fibres, films, and structural
materials.5"8
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In the present review, attention is concentrated on the
titanium-containing catalysts used in the preparation of
poly(alkylene terephthalates) (PATP) by the esterification of
terephthalic acid with ethylene glycol, butane-1,4-diol, and other
diols, by the transesterification of dimethyl terephthalate (DMT)
with diols, and by the so-called polycondensation.

-COO(CH2)nOH

-COO(CH2)nOOC- • + HO(CH2)nOH

The latter reaction can also be regarded as transesterification
in which one polymeric molecule acts as the ester and another one
acts as the alcohol. It should be noted that the general rules of
catalysis with titanium compounds manifested in these reactions
are also valid for many other esterification and transesterification
reactions.

Our review mostly deals with the activity and selectivity of
titanium-containing catalysts. The problems of kinetics and
mechanisms of the reactions are considered only in relation to
the discussion of particular data on activity and selectivity. We
also present nontraditional approaches to the mechanism of the
catalytic action of titanium compounds based on the use of
control and information theories.

II. The main groups of titanium-containing
catalysts
It has not been our aim to consider the numerous patents in which
the application of various titanium compounds as catalysts for
esterification and transesterification is described. These data have
been reported previously.2"7'9 We shall restrict ourselves to the
classification of the catalysts according to their chemical
composition. In conformity with this principle, titanium-
containing catalysts can be divided into organic, inorganic,
mixed, and complex catalysts.

Compounds containing a Ti —OR bond (R is an organic
radical) are usually referred to as organic catalysts. Among
them, tetraalkyl titanates (alkyl orthotitanates or titanium
alkoxides) Ti(OR)4, where R = Et, Pr', Bu, are most frequently
used. Some other titanium compounds have also been suggested
as catalysts. For example, titanium salts of aromatic or aliphatic
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carboxylic or dicarboxylic acids (formates, benzoates, oxalates),
titanium polyacrylates and polymethacrylates, titanates of the
general formula Ti[O(CH2CH2O)nH]4, where « = 2,3,4, obtained
by the interaction of butyl orthotitanate with the corresponding
diol, bis(chelate)bis(hydroxyalkoxy)titanates, and bis(chelate)bis-
(oligoether)titanates, where the chelate is the residue of a chelating
compound such as acetylacetone, dibenzoylmethane, 8-hydroxy-
quinoline, or ethyl salicylate. It has been shown that
various oligotitanates, for example, compounds of the formula
RO[Ti(OR)2O]nR, where n = 2-20, R = H, Et and/or Pr' and/or
Bu, can also be used.

Among inorganic titanium-containing catalysts, hexafluoro-
titanates M.v(TiF6)y, where M is an alkali metal, alkaline earth
metal, zinc, antimony, or ammonium, are noteworthy. Data
concerning the use of titanium oxides and hydroxides,
orthotitanium acid and its salts have also been reported.

Organic compounds that incorporate, apart from oxygen (the
Ti — O bond), atoms of other metals or other elements, such as
halogens, Si, S, P, or N, belong to mixed titanium-containing
catalysts. Metal hexaalkyl orthotitanates MH[Ti(OR)6] and
M'[Ti(OR)6], where M is an alkali metal, M' is an alkaline earth
metal, and R is Ci - C6 alkyl residue, are examples of this type of
compounds. The use of titanium salts of aromatic thiols (thioxine,
dimercaptobenzene, etc.) and compounds of the formula
M.Y[TiO2 • (C2O4)2]y, where M is an alkali metal, alkaline earth
metal, Sb, Sn, Zn, Pb, or Co has also been reported.

In recent years, complex catalytic systems consisting of several
catalysts or containing one catalyst with functional additives have
found wide application. This direction is very promising, since it
appreciably widens the possibility of controlling the activity and
selectivity of catalysts. Both organic and inorganic titanium
compounds can serve as the main components of the complex
catalysts for esterification and transesterification reactions. For
example, catalytic systems based on tetraalkyl titanates and
containing carboxylic acids, their salts, alkoxides of Group 3, 4,
and 5 elements, organic compounds of sulfur, tin, bismuth, and
antimony have been suggested.

Among inorganic titanium-containing catalysts with
additives, mixtures of titanium metal with titanium hydrides and
zinc acetate, mixtures of alkali and alkaline earth metal hexa-
fluorotitanates with Li, Ca, Pb, Zn, and Mn salts of aliphatic
carboxylic acids are noteworthy.

The above data illustrate the great diversity of titanium-
containing catalysts for esterification and transesterification

III. The activity of titanium-containing catalysts
1. Comparison of the activities of titanium-containing and
other catalysts
The higher catalytic activity of titanium compounds compared
with similar compounds of other metals is manifested, for
example, in the alcoholysis of alkyl benzoates.10'11 Some of the
results obtained are presented in Table 1.

As can be seen from Table 1, compounds of transition metals
of the titanium and vanadium subgroups are the most active. The
activation energy of the alcoholysis in the presence of Ti
compounds (46.9 kJ moP1) is lower than that in the presence of
other metal derivatives by a factor of almost two
(84-105 kJmoP 1 ) .

Tetrabutyl titanate (TBT), as a catalyst of the reactions of
heptanol with benzoic acid and methyl benzoate, i.e. esterification
and transesterification reactions, is superior to Zn, Mn, and Co
compounds.12

The catalytic activity of dibutyl tin dilaurate, dibutyltin
diphenoxide, dibutyltin oxide, and tetraphenyltin in the
transesterification of 4-hydroxybutyl benzoate at 167 °C, was
two orders of magnitude lower than that of TBT,13 the
composition of organotin compounds having only slight
influence on their catalytic activity.

Table 1. The activity of various catalysts in the alcoholysis of methyl
benzoate with heptanol at 200 °C.10

Catalyst

Ti(OBu)4

Zr(PriO)4

Nb(OEt)5

Ta(OEt)s

B(OBu)3

AKPr'Ob

Sb(OBu)3

As(OBu)3

Concentration of
the catalyst (mol %)

0.0190

0.0200

0.0189

0.0203

0.0231

0.0193

0.0220

0.0203

Rate constant/
min"1

1.0 x 10-2

3.0 x 10~3

2.4 x 10-3

5.7 x 10-3

3.0 x 10~4

2.0 x 10-4

0.9 x 10~4

0.8 x 10-4

The influence of the nature of catalyst on the kinetics of the
reaction of dimethyl terephthalate with butane- 1,4-diol at a
temperature of 175-225 °C and a catalyst content of
0.16 % -0.17% has been studied.14 The rate of transesterification
was monitored by following the liberation of methanol. In the
series of catalysts Co(OAc)2, Mn(OAc)2, and Ti(OPr')4, the latter
exhibited the highest activity.

The kinetics of this reaction were studied at a DMT: butane-
1,4-diol molar ratio of 1:2.2, a catalyst content of 5 x 10~4 moles
per mole of DMT, and temperatures of 160-240 °C in the
presence of zinc acetate, lead oxide, and TBT.15 The highest
degree of conversion, 98% after 4 h, was achieved with the
titanium catalyst, while in the presence of PbO, it was 83% and
with zinc acetate it was 75%.

It is known7 '16 that in the transesterification of DMT with
ethylene glycol, titanium compounds exhibit lower catalytic
activity than zinc, manganese, and cobalt acetates, which are
usually employed in industrial processes.

The data presented imply that the activity of a catalyst in
transesterification depends on the number of methylene units in
the diol.

A number of papers have been devoted to the comparison of
catalytic activities of various metal compounds in polycondensa-
tion in relation to the synthesis of polyethylene terephthalate)
(PETP). Refler et al.17 have studied the catalytic activity of metal
butoxides in polycondensation in a thin layer of the polymer melt.
At 280 °C and a catalyst content of 3 x 10~4 moles per mole of
bis(hydroxyethyl) terephthalate, metals can be arranged in the
following series in terms of their catalytic activities (rate constants,
g m m o l - ' s - 1 , and degrees of polymerisation are given in
parentheses): Zn (2.5, 105) < Al (2.6, 99) < Ge (4.6, 114)«Ti
(6.4, 175) < Sn (7.9, 202). In the polycondensation of oligo-
(ethylene terephthalates), titanium derivatives are also more
active catalysts than manganese or antimony compounds.

While analysing the data on the activity of catalysts for
esterification and transesterification, one should take into
account the fact that equilibrium constants of the reactions
under consideration are low and are of the order of unity.18

Therefore, the reverse reaction can substantially influence the
rates of esterification and transesterification. In order to obtain
data on the catalytic activity, independent of the reverse reaction,
initial reaction rates should be measured or the process be
conducted under conditions in which the reaction is virtually
irreversible owing to the quick removal of the reaction products
from the reaction zone. When esterification or transesterification
reactions involve low-molecular-mass compounds, the realisation
of these conditions is not difficult. A different situation occurs in
the syntheses of polymers, especially when they are conducted
in highly viscous media. For example, melt polycondensation
of oligo(butylene terephthalate) used in the production of
poly(butylene terephthalate) proceeds in a system in which
the viscosity increases during the reaction to 5000-10000 Pa s.



Titanium compounds as catalysts for esterification and transesterification 281

The rate of the removal of the low-molecular-mass product,
namely, butane-1,4-diol, from the reaction mixture in such
systems may be low and comparable with the rate of the chemical
transformation.

Thus, to compare the activities of polycondensation catalysts,
one should take into account that the observed rate of the process
may be determined not only by the rate of the chemical reaction,
which is influenced by the catalyst, but also by the velocity of mass
transfer. The latter depends on the thickness of the melt layer or on
the interfacial area, which is a function of the intensity of stirring,
composition of the reaction mixture, the temperature, and the
degree of bubble-formation. Correct determination of the
catalytic activity, based on the kinetics of polycondensation,
requires that the above factors be taken into account in the
mathematical model used for the calculations. The problems of
mathematical modelling of the processes of the production of
poly(alkylene terephthalates) have been considered by Adorova
and Kuznetsov.18

In collaboration with Kuznetsov, we developed a procedure
for studying the kinetics of polycondensation of oligo(alkylene
terephthalates) convenient for the determination of the activity
and the selectivity of a catalyst. In this case, the viscosity of the
reaction medium is the most sensitive indication of the occurrence
of polycondensation; it sharply increases in the course of the
process. The change in the viscosity can be conveniently
monitored by the increase in the power consumed in stirring the
reaction melt. The power of an electric motor with mild
[responsive] characteristics is directly related to the speed of the
stirrer rotation, which can be easily measured. During the reaction
the number of revolutions [per unit time] of the stirrer diminishes,
the dependence of this value on the number-average degree of
polymerisation of the product formed being nearly linear. It is
notable that the rotation speed of a stirrer depends appreciably on
the material of the reactor, in this particular case, on the kind of
glass. This effect, which has been noted previously,19 is probably
due to the fact that the properties of the reactor material influence
the adhesion of the polymer melt to the reactor walls and, hence,
the processes of bubble and foam formation. These processes
determine to a large degree the liquid-to-vapour interfacial area,
through which the low-molecular-mass product of poly-
condensation is transferred. The effect observed indicates once
again that mass transfer contributes significantly to the
macrokinetic features of the polycondensation in the synthesis of
poly(alkylene terephthalates).

The experimentally observed dependence of the number-
average degree of polymerisation on the reaction time was treated
using a mathematical model that took into account the following
processes: (1) the formation of the ester bond via interaction of
two terminal hydroxyalkoxycarbonyl groups or hydroxy-
alkoxycarbonyl and carboxyl groups; (2) side reactions yielding
tetrahydrofuran and carboxyl groups (see below); and (3) the mass
transfer of the diol and water liberated during the formation of the
ester bond. The calculated rate constants for reactions (1) served
as a measure of the activity of the catalysts studied, and the rate
constants for reactions (2) served as a measure of their selectivity.

2. Catalytic activities of various titanium compounds.
The effect of the medium
Several studies have been devoted to the influence of the nature of
ligands (fragments) on the catalytic activity of titanium
compounds. An evaluation of the activity of various titanium
compounds in the esterification of 2-ethylhexyl hydrogen
phthalate with an excess of 2-ethylhexanol at 170 -175 °C and at
a catalyst concentration of 0.01 mol kg"1 has shown that there is
no substantial difference between the catalytic activities of the
following compounds: titanium sulfate, titanium acetate, titanium
dichlorodiacetate, titanium tetrachloride, TBT, tetra-2-ethylhexyl
titanate, poly(butyl titanate), triethanolamine titanate, tributoxy
titanium butyl hydrogen phthalate, and a complex of butyl
levulinate with TBT.20 Ortho- and metatitanic acids were found

Table 2. Catalytic activity of titanium compounds in the alcoholysis of
methyl benzoate with heptanol at 200 °C.10

Catalyst

Ti(C7H15O)4

Ti(CF3CH2O)4

Ti(C2HsOC2H4O)4

Ti(G,H9O)4

Ti(C6H5O)4

Ti(Cl-C6H3Cl-O)4

Concentration
of catalyst
(mol %)

0.020

0.021

0.021

0.020

0.019

0.019

Initial
heptanol: methyl
benzoate ratio/
mol mol"1

21.50

20.30

20.26

20.17

20.18

19.47

Rate
constant/
10 - 2 min- '

0.96

1.01

1.04

0.83

1.03

1.06

to be somewhat less active, and the catalytic action of titanium
dioxide was much weaker. It is natural to attribute the low
activities of the latter titanium-containing catalysts to their poor
solubilities in the reaction medium.

The catalytic activities of various alkoxy and aryloxy titanium
derivatives of the general formula Ti(OR)4 in the
transesterification of methyl benzoate with heptanol have been
compared (Table 2).10-21

One can see that the nature of the organic radical does not
influence significantly the reaction rate constant, which remains
almost invariable even when twelve electronegative fluorine atoms
or an aryl group are introduced into the catalyst molecule. Judging
from the ability of alkoxy and aryloxy titanium derivatives to
undergo quick radical exchange reactions, the results obtained
were rationalised 10 in the following way: in the presence of excess
heptanol, the alcohol and the catalyst undergo a quick exchange
reaction giving tetraheptyl titanate. This was confirmed by NMR
data. Therefore, alcoholysis reactions conducted in the presence
of various titanium-containing compounds are characterised by
nearly identical rate constants.

The formation of complexes and the radical exchange during
the interaction of tetraalkyl titanates with esters and alcohols,
as well as the formation of various complexes, have been
reported.22'23 It should be noted that in the general case,
exchange reactions of the type

Ti(OR')4 + nR2OH Ti(OR')4_n(OR2)n + «R'OH,

do not necessarily proceed up to the complete conversion of the
initial tetraalkyl titanate to Ti(OR2)4. The position of the
equilibrium is determined by the composition of the reaction
mixture and by the equilibrium constant of the reaction.
For example, in the TBT-n-heptanol system at 20 °C, the degree
of conversion is 0.65, which corresponds to an equilibrium
constant of 3.4.23 In conformity with our data obtained by gas
chromatography, in the transesterification of DMT with
butanediol, 1.5-2 moles of butanol per mole of the catalyst
(TBT) is liberated. These data imply that there is in principle the
possibility of a substantial influence of the nature of the ligands in
titanium-containing catalysts on their activities. Obviously, this
effect should be most pronounced in the case of bulky and/or
chelate-forming ligands, whose exchange may be hampered due to
thermodynamic or kinetic restrictions. This is in agreement with
published data.24"26

The catalytic activities of TBT and chelated titanium
derivatives in the esterification of phthalic anhydride can differ
by an order of magnitude.2526 Bis(acetylacetonato)dibutoxy-
titanium exhibited the highest esterification catalytic activity in a
2-ethylhexanol medium, and TBT was the most active when the
process was carried out in di(2-ethylhexyl) phthalate.

In general, the rates of esterification and trans-ester-
ification reactions, accelerated by titanium-containing catalysts,
are appreciably influenced by the composition of the
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-COO(CH2)4OH =^= HO(CH2)4OH + <v ,Y- COO(CH2)4OOC

(HBB) (BDB)

(1)

^ Ar-COO(CH2)4OH +

(HBB)

H2O + -COO(CH2)4OOC- (2)

reaction medium. 12>26~28 This effect cannot be reduced to
nonspecific solvation, which is measured in terms of the dielectric
permeability of the medium. It is likely that the influence of the
medium is mostly determined by the ability of titanium-
containing catalysts to enter into various reactions with the
components of the medium including the reagents.

For example, in a study of the esterification of 2-ethylhexyl
hydrogen phthalate (monoester) to dioctyl phthalate (diester), it
has been found28 that in the medium of the monoester, TBT
exhibits virtually no catalytic activity. In fact, in the beginning of
the process, when the concentration of the monoester in the
reaction medium is high and the concentration of the diester is
low, an increase in the TBT concentration does not lead to any
noticeable increase in reaction rate, which almost does not differ
from the rate of esterification in the absence of the catalyst. As the
reaction proceeds and the monoester content in the mixture
decreases, the influence of TBT on the rate of the process
increases appreciably. These data are supported by the results of
Lemman et al.,27'29 who found that when 2-ethylhexyl hydrogen
phthalate or dioctyl phthalate instead of 2-ethylhexanol are used
as solvents, the rate of the catalytic esterification of phthalic
anhydride decreases in the following sequence: diester
> 2-ethylhexanol > monoester. These experimental data were
interpreted with a mathematical model, which made allowance
for the reactions of TBT with the carboxyl group of the
monoester, the hydroxyl group of the alcohol, and the ester
group of the diester, that is, with all the main components of the
reaction medium.28 In addition, the effects of interaction between
neighbouring ligands and the ligands of the inner and outer
coordination spheres were taken into account.

3. The influence of additives and impurities on the catalytic
activities of titanium-containing catalysts
The synthesis of PATP and other esterification and
transesterification reactions are often carried out in the presence
of titanium-containing catalysts mixed with other compounds.
The question of how these additives influence the activity of
titanium-containing catalysts is of interest both for the practice
and for the theory of catalysis. Very little information concerning
this problem has been published in the literature; therefore, the
information provided by patent descriptions merits attention. An
analysis of the latter has shown9 that the use of complex titanium-
containing catalytic systems may be favourable for both increase
in the catalytic activity and improvement of the properties of the
products obtained, for example, complex polyesters.

Ca, La, Zr, Co, Zn, Cd, Mg, Hg, Ge, Sn, and Sb derivatives,
silver carboxylates, aromatic thiols, aliphatic and aromatic
sulfonic acids, and their salts have been suggested as additives
that increase the activity of titanium-containing catalysts.9

The problem of the influence of free carboxyl groups and
water deserves particular attention, since they are virtually always
present in the reaction mixtures. It should be noted that published
data on this problem are somewhat contradictory. Despite the fact
that carboxylic acids themselves are catalysts of alcoholysis, their
influence on the activity of titanium-containing catalysts in
esterification and transesterification is ambiguous. The addition
of a small amount of adipic acid to TBT accelerates
transesterification of its dimethyl ester with diethylene glycol.30

The maximum rate constant was achieved at a concentration of
COOH groups of 0.96 mol % with respect to dimethyl adipate. In
some patents, carboxylic and dicarboxylic acids have been offered
as activators for titanium-containing catalysts in the synthesis of
PATP.9 This made it possible to obtain polyesters with increased
molecular weights.

However, a study of the synthesis of poly(butylene
terephthalate) using model compounds in the presence of TBT at
150 and 167 °C has shown that benzoic acid deactivates the
catalyst.31 4-Hydroxybutyl benzoate (HBB) was used as a model
compound with a terminal hydroxyl group, benzoic acid (BA) was
taken as a model compound with a terminal carboxyl group, and
1,4-butylene dibenzoate (BDB) was used as a model polymer.
Attention was concentrated on the reactions modelling the
polymer chain growth, namely, polycondensation (1) and direct
esterification (2).

The results obtained in the experiments with various
concentrations of the reactants and TBT led the authors to the
following conclusions. Benzoic acid behaves as an inhibitor, if it is
introduced in the reaction mixture together with TBT, or as a
catalyst in the absence of TBT. In conformity with the
coordination mechanism suggested for the catalytic reaction
involving TBT, the inhibiting action of BA is caused by the
formation of its adduct with the titanium-containing catalyst;
this adduct is more stable than the adducts of titanium-containing
catalysts with HBB or BDB. The existence of a stable Ti -BA
adduct at room temperature in chloroform was confirmed by IR
spectroscopy. However, the spectroscopic study provided no
evidence supporting the existence of a product of addition of
HBB to TBT under the experimental conditions. Based on the
suggested mechanism, kinetic equations for calculating the rates
of the formation of BDB and consumption of BA were derived.
The calculated data proved to be close to the experimental results.
It was also found that the stability of the BA-TBT adduct
decreases appreciably with an increase in the temperature (the
equilibrium constant for the adduct formation decreases by a
factor of more than three as the temperature increases from 150 to
167 °C). Consequently, the inhibitory influence of BA is weaker at
higher temperatures. The inhibitory effect of carboxyl groups on
catalytic transesterification in the presence of titanium-containing
catalysts is much less pronounced than that in the case of zinc-,
manganese-, and cobalt-containing catalysts.12

The influence of water on the activity of titanium-containing
catalysts has not been fully elucidated. Many organic compounds
of titanium are known 32 to be rapidly hydrolysed in the presence
of even traces of water to give oligotitanates.

—Ti—OR + H2O

2 —Ti—OH

—Ti—OH + ROH

—Ti—O-Ti— + H2O

In a study of the kinetics of the transesterification of
DMT with ethylene glycol,33 it has been found that the activity of
titanium-containing catalysts depends only slightly on the



Titanium compounds as catalysts for esterification and transesterification 283

added water. This is due to the low stability of aqueous complexes
of titanium compounds, which are converted to polymeric
derivatives of the following structure:

OR

-Ti—O--

OR In

Ioda33 managed to show experimentally that the catalytic
activity of these compounds is nearly identical to that of the initial
TBT.

An attempt has been made34 to study the influence of the
degree of preliminary hydrolysis of TBT on its catalytic activity in
the esterification of phthalic anhydride with octanol. When the
water: TBT molar ratio increased to 1.22:1 (which corresponded
to a degree of TBT hydrolysis of 60%), the activity of the
compound resulting from the hydrolysis became somewhat higher
than the activity of the initial TBT. Further increase in the
water: TBT molar ratio and in the degree of hydrolysis led to a
monotonic diminution of the reaction rate, due to the decrease in
the solubility of the TBT hydrolysis products. An analysis of the
TBT hydrolysis products by IR and NMR spectroscopy and a
comparison of their catalytic activities have shown that the
products of TBT hydrolysis having a mainly linear structure are
the most active. The increased catalytic activity of linear
polytitanates is believed to be caused by the fact that they are
more stable in the reaction medium than TBT, which incorporates
reactive alkoxy groups.34

There are patents describing the use of oligotitanates as
effective catalysts for the synthesis of PATP.9 However, a study
of the reversible reactions (1) and (2) has shown that water exerts
an inhibiting influence on transesterification in the presence of
TBT.35 It was suggested that interaction of the catalyst with water
and butane-1,4-diol affords catalytically inactive titanium
derivatives. It was assumed that the active catalyst, water, and
the inactive form of the titanium-containing catalyst exist in an
equilibrium. Assuming that TBT is not capable of self-association
under the reaction conditions and that most of the butoxy groups
in its molecule have been substituted by alkoxy groups, Pilati et
al.35 has derived an equation for calculating the initial reaction
rates at various initial ratios of the reactants. The results of these
calculations are in good agreement with experimental data.

The above information indicates that the contradictory
character of the data on the influence of carboxylic acids and
water on the activity of titanium-containing catalysts is associated
with the ability of the latter to enter into various reactions with
these compounds.

IV. The selectivity of titanium-containing catalysts
The esterification and transesterification processes are accompa-
nied, as a rule, by side reactions. First of all, there are various
reactions of dehydration of alcohols and diols yielding ethers,
including cyclic ones, aldehydes, and unsaturated compounds.3"7

For example, usual products of the synthesis of PETP are
diethylene glycol, 1,4-dioxane, formaldehyde, acetaldehyde, cyclic
compounds, and some other compounds.7 The major
contributions are made by processes giving acetaldehyde and
diethylene glycol and by the thermal degradation of the polymer.

The major side products in the synthesis of poly(butylene
terephthalate) are tetrahydrofuran, water, and acids. A TLC
analysis of the products of the transesterification of DMT with
1,4-butanediol has shown that when titanium-containing catalysts
or acetates of certain metals are used, no di(4-hydroxybutyl) ether
is detected among the reaction products.36 This was confirmed by
NMR spectroscopy. Since THF is the main side product in the

synthesis of poly(butylene terephthalate), the extent of its
formation can serve as a measure of catalyst selectivity. Let us
consider this problem in more detail.

Studies of a number of reactions involving model compounds
and the real process37"41 led to the conclusion that during the
esterification of terephthalic acid or transesterification of DMT
with butane-1,4-diol at 160-225 °C, THF can result from the
dehydration of butane-1,4-diol

HO(CH2)4OH + H2O, (3)

or from the cyclisation of the terminal hydroxybutylene groups.

ii— COO(CH2)4OH *- jb— COOH + I I

THF has also been detected by thin-layer chromatography
among the products formed in the synthesis of poly(butylene
terephthalate) without a catalyst.42 In addition, as shown by IR
spectroscopy, the polymeric product incorporates carboxyl
groups. Based on these data, it was suggested that THF is
produced via reaction (4). The same conclusion was drawn by
Radias and Hall,37 who have found THF in the products of
polycondensation of bis-hydroxybutyl terephthalate in the
presence of various titanium- or tin-containing catalysts.

In a kinetic study,14 it has been shown that in the
transesterification of DMT with butane-1,4-diol at a diol: DMT
molar ratio > 2 in the presence of titanium isopropoxide at
175-225 °C, THF is formed mainly via reaction (3). The rate of
the accumulation of THF varies only slightly with increase in the
degree of the conversion of the monomers, because the number of
terminal carboxyl groups, which catalyse dehydration of butane-
1,4-diol, increases simultaneously with the decrease in the diol
concentration. In the late stages of the polycondensation, the
formation of THF from the terminal hydroxybutylene groups is
likely to prevail.

It is logical to raise the question of the role of titanium-
containing catalysts in the formation of THF via reactions (3) and
(4). Analysis of the published data provides no unambiguous
answer to the question whether or not titanium-containing
catalysts accelerate the dehydration of butane-1,4-diol. It has
been reported37 that the heating of butane-1,4-diol at 210 °C for
8 h without a catalyst does not produce THF. According to
another study,38 butane-1,4-diol is dehydrated over a period of
4 - 5 h at 180-190 °C, THF being formed both without any
added compounds and in the presence of TBT, benzoic acid,
THF itself, or water. The reaction has a clear-cut induction
period, which allowed it to be described as an autocatalytic
reaction.38 However, in our opinion, the attempt to attribute a
catalytic influence to water or THF is dubious, especially in view
of the fact that no substantial influence of added water or THF on
the rate of dehydration of butane-1,4-diol was observed. The
formation of THF on prolonged heating of butane-1,4-diol
at 180 °C in the presence of various esterification and
transesterification catalysts, including TBT, has been found by
Moller et al.43

The general consensus of researchers on the influence of acidic
additives is that acids are active catalysts of this reaction. For
example, butane-1,4-diol is easily converted to THF on heating
to 160-185 °C in the presence of orthophosphoric, benzoic,
terephthalic, or hydrochloric acid.9'37-38

There are virtually no published data on the acceleration of
reaction (4) by titanium-containing catalysts. Only Pilati et al.,38

who have studied cyclisation of a model compound, namely,
4-hydroxybutyl benzoate, at 160-190 °C,
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CO(CH2)4OH Q
have shown that this reaction is not accelerated by acids and that
catalysts used in the synthesis of PATP, including TBT, exert no
influence on it.

The data presented indicate that there is no clear-cut catalytic
influence of titanium-containing catalysts on the side reactions
proceeding during the synthesis of poly(butylene terephthalate),
which points to high selectivity of these catalysts. As regards their
selectivity, titanium-containing catalysts of many esterification
and transesterification reactions are superior not only to strong
protic acids, but also to other metal-containing catalysts. This
conclusion is in agreement with the results of a kinetic study l s of
the transesterification of DMT with butane- 1,4-diol in the
presence of various metal-containing catalysts in which TBT
proved to be the most selective. A similar conclusion has been
drawn by Suvaram et al.,45 who have studied this reaction carried
out at 220 °C and at a catalyst content of 0.1% by mass with
respect to DMT. Titanium isopropoxide, phenoxide, diisoprop-
oxyacetate, and triethanolaminate, calcium acetate, and
antimony(III) oxide were used as the catalysts. It was found that
in the presence of traditional catalysts for transesterification, for
example calcium acetate, THF is formed in a high yield. Titanium-
containing catalysts were much more selective, the best results
being achieved with titanium isopropoxide. It has been shown46

that the rate of the formation of a side product, namely diethylene
glycol, during the synthesis of PETP in the presence of titanium-
containing catalysts is lower than in the presence of antimony
trioxide, which is frequently used as the catalyst.

In the patent literature, there is much information concerning
highly selective catalysts for the synthesis of PATP based on
titanium derivatives with added tin, antimony, germanium, lead,
calcium, zinc, and manganese derivatives or amides of
monocarboxylic acids, sulfonic acids, and phosphoric acid.9

There are data concerning high selectivity of titanium-containing
catalysts in other esterification and transesterification reactions.
For example, TBT does not catalyse the side reaction of octanol
dehydration during the esterification of phthalic anhydride with
this alcohol.47

V. The activity and the selectivity of titanium-
containing catalysts from the viewpoint of the
theory of information transmission
The optimal catalyst should possess high activity and selectivity.
The experimental data that refer mainly to enzymes, as well as to
some chemical catalysts, indicate that it is possible to combine
these characteristics in a single catalytic system. This possibility
has been theoretically justified based on a cybernetic approach to
catalysis developed in a number of studies.8'9-48 The use of this
approach made it possible to explain the remarkable activity and
selectivity of titanium-containing catalysts for esterification and
transesterification reactions.

According to the concept outlined by Siling,8 a reaction
system is regarded as being an object under control, a catalyst is
considered to be a control device, and the rate of the reaction is
taken to be a controlled parameter. The catalyst points to a
reaction pathway that differs substantially from the noncatalytic
one or, more precisely, it 'pilots' the reaction system along this
pathway.

Any control is based on information transmission. In this case,
one may speak of the information transmission from the catalyst
to the reactants. The catalyst-reactant interactions serve here as
the material basis for the information transmission. From the
standpoint of statistical information theory,8 the activity of a
catalyst is largely determined by the diversity of these interactions.

To accomplish the main reaction, a catalyst should transmit
particular information to the reactants. The information is
transmitted along a communication channel as signals with the
use of a certain code. In this particular case, the reaction system
itself serves as the communication channel, a separate interaction
of the catalyst with a reactant acts as a signal, and the space and
time sequence of the interactions, which ensures the occurrence of
the main reaction, is the code.

The information transmission along a communication
channel is almost inevitably accompanied by errors (noise). This
may be manifested, for example, as the omission of a necessary
interaction, as the replacement of a necessary interaction by
another one, or as the appearance of an 'excessive' interaction.
Whereas the transmission of the nonperturbed information
ensures the occurrence of the main reaction, the noise can be
responsible for the side reactions. Thus, the problem of selectivity
can be solved by using the theory of the information transmission
along a channel with noise.49 It should be noted that such a
consideration will refer to the selectivity of the catalytic reaction,
which does not always coincide with the selectivity of the overall
process, first of all, due to the contribution of noncatalytic
reactions.

The rate of the information transmission along channels with
noise can be represented asjV, where V is the rate of the signal
transmission, and j is the average information content of one
signal. The latter value is a function of the probability of the
appearance of errors in the signal transmission. The appearance of
noise leads to the loss of information, and consequently j
diminishes. As the probability of the appearance of errors
decreases, j increases, and so does the rate of the information
transmission. The highest possible rate of the information
transmission for a particular channel with noise is referred to as
the capacity of a communication channel.

If the amount of information transmitted in a unit time (/) is
smaller than the channel capacity (C), then, in conformity with
the Shannon theorem, there exists a way of presenting the
information (coding), which makes it possible to transmit a
message without delay and with a minor error. In the case where
/ > C, no way of coding that would provide high reliability and
transmission of the message without delay can be chosen;
however, as the coding becomes more perfect, the unreliability of
the information transmission would decrease approaching the
I — C value, and the transmission rate would tend to C.

The Shannon theorem, as applied to catalysis, makes it
possible to identify some general features concerning the reaction
selectivity. First, it follows from the theorem that a selectivity as
high as desired can in principle be achieved. It is known that this
possibility is most fully realised in enzymic catalysis, though
chemical catalysts that ensure the selective course of certain
reactions also exist. One may believe that in these cases, the
condition / < C is met.

Regarding the relationship between activity and selectivity in
a series of catalysts of the same type, one may assume from general
considerations that the selectivity and the activity would vary, as a
rule, in opposite directions, because transmission of a large
amount of information is associated with a larger probability of
an error. However, from the theorem it follows that this is not
always true, and the relationship between activity and selectivity is
determined by the manner in which the / - C value varies over the
given series of catalysts. In a series of catalysts for which / < C,
there exists in principle the possibility of coding which ensures that
high selectivity of the catalysts is retained as their activity
increases. In a series of catalysts with I > C, limiting selectivity
decreases as the I - C difference increases. If, in this series, the
channel capacity varies slightly and the activity grows with an
increase in the amount of information transmitted, then selectivity
and activity of the catalysts will vary in the opposing directions.

Thus, theoretical consideration indicates that different rela-
tionships between activity and selectivity in a series of single-type
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catalysts are possible. This is consistent with experimental data
(see, for example, the books by Golodets50 and Gates et al.51).

In the context of information theory, the selectivity of a
catalyst can be increased in the following ways.

(1) By increasing the capacity of the communication channel.
With the average information content of one catalyst-reactant
interaction being constant, the C value is determined by the
number of the interactions in unit time. Therefore, high selectivity
can be reached in those systems in which many fast interactions
occur. Such situations are observed in enzymic catalysis,52"54

which is one of the reasons why in this case the condition / < C is
satisfied. It is believed that it is the set of adsorption or other
additional interactions of an enzyme with substrates that
predetermines the high substrate specificity observed in the
enzymic catalysis.

(2) By a decrease in the bulk of the information transmitted.
The amount of information can be relatively small in the case
where the reaction involves the cleavage and formation of a small
number of bonds, and consequently, a great diversity of the
catalyst-reactant interactions is not required. It has been
noted55 that one enzyme does not catalyse, as a rule, complex
transformations involving cleavage and formation of many
bonds. This requires a set of enzymes, each of them accelerating
a relatively simple chemical transformation.

(3) By perfecting the coding procedure. According to
information theory, correct transmission of messages along a
channel with noise is favoured by connecting signals in long
blocks. This way of coding is manifested in the catalysis as
synchronous (concerted) reaction mechanisms, where the
cleavage and the formation of bonds occur synchronously in a
singe activation complex.56"58 Mechanisms of this type are
frequently realised in enzymic catalysis.

It can be seen that all the main factors contributing to the
selectivity of catalysis from the viewpoint of information
transmission are manifested in enzymic reactions. For our
purposes, it is necessary to note the important role of the diversity
of fast catalyst-reactant interactions, which ensures high channel
capacity and effectiveness of coding.

Considering titanium-containing compounds in this context,
one may suggest that the high activity and the high selectivity of
these catalysts in esterification and transesterification reactions
are caused by two main factors.

The first of them is the great diversity of the catalyst-reactant
interactions. In fact, titanium is known to be capable of inter-
acting with various oxygen-containing ligands.32'59>6°
Furthermore, tetraalkyl titanates tend to undergo exchange
reactions at the Ti —O bond in which one oxygen-containing
ligand is substituted by another. For example, in a tetraalkyl
titanate-DMT-diol-oligo(alkylene terephthalate) system, a
large number of coordination and exchange interactions occur
leading to the appearance of the fifth and the sixth ligands at the
titanium atom and to the complete or partial substitution of the
OR groups by the molecules of the reactants and giving a wide
range of mixed complexes and chelate-type derivatives. It is
noteworthy that in the systems under consideration, information
is transmitted not only via the interaction of titanium with the
reactants or the components of the medium, but also via the
formation of hydrogen bonds between these compounds and
inner-sphere ligands (the interaction of ligands of the inner and
outer coordination spheres and its role in catalysis have been
considered in a number of studies.8-23>28'58-61)- Of course, not all
these interactions are stages of the catalytic process; moreover,
some of them may retard the reaction (see for example, the paper
by Siling et al.28). Nevertheless, it is the great diversity of the
catalyst-reactant interactions that ensures the transmission of a
large bulk of information from titanium-containing catalysts to
the reactants. This diversity is a characteristic feature of complex
catalytic systems based on titanium compounds.

High rates of the coordination and exchange reactions are the
second factor. In fact, the high rate of exchange of alkoxyl radicals

in the case of titanium alkoxides has been confirmed by
NMR.10 '2223 In terms of the rate of these reactions, metals can
be arranged in the following sequence Ti > Sb > As.

The concept developed above is consistent with the fact that
virtually all the titanium-containing catalysts suggested for
esterification and transesterification are compounds with Ti —O
bonds, which are prone to undergo a variety of fast reactions with
the reactants, rather than compounds with Ti —C bonds.

As can be seen from the presented data, the application of
information transmission theory to the problem of catalyst
selectivity gives results consistent with the experimental data. In
our opinion, the informational approach to catalysis has also a
predictive ability. For example, one can speak of the design of an
effective catalytic system, in which primary importance is assigned
to the diversity and the rate of the interactions of the catalyst with
the reactants. These interactions can be not only direct, but also
indirect (with the participation of ligands of the outer
coordination sphere).

This review covers studies published in the last 10-15 years
and demonstrates the prospects of using complex catalytic
systems based on titanium derivatives for esterification and
transesterification reactions. Study of these catalysts may also
prove to be fruitful in elucidating the general features of the
homogeneous catalysis.

References
1. C K Ingold Structure and Mechanism in Organic Chemistry (Ithaca:

Cornell University Press, 1969)
2. E G Maksimenko, V I Kirilovich, A I Kutsenko Katalizatory

Protsessa Proizvodstva Slozhnoefirnykh Plastifikatorov Poli-
vinilkhlorida (Catalysts of the Production of Ester Plasticisers of
Polyvinyl Chloride) (Moscow: NIITEKhIM, 1981)

3. R S Barshtein, I A Sorokina, V G Gorbunova, in Khimiya i
Tekhnologiya Vysokomolekulyarnykh Soedinenii (Ser. Itogi Nauki i
Tekhniki) [Chemistry and Technology of High-Molecular-Weight
Compounds (Advances in Science and Engineering Series)] (Moscow:
Izd. VINITI, 1982) Vol. 17, p. 190

4. R S Barshtein, V I Kirilovich, Yu E Nosovskii Plastifikatory dlya
Polimerov (Plasticisers for Polymers) (Moscow: Khimiya, 1982)

5. A Fradet, E Marechal Adv. Polym. Sci. 43 51 (1982)
6. R S Barshtein, I A Sorokina Kataliticheskaya Polikondensatsiya

(Catalytic Polycondensation) (Moscow: Khimiya, 1988)
7. B V Petukhov Poliefirnye Volokna (Polyester Fibres) (Moscow:

Khimiya, 1976)
8. M I Siling Polikondensatsiya. Fiziko-Khimicheskie Osnovy i

Matematicheskoe Modelirovanie (Polycondensation. Physicochemical
Fundamentals and Mathematical Modelling) (Moscow: Khimiya,
1988)

9. T N Laricheva, I G Raskina, M I Siling Katalizatory Sinteza
Polialkilentereftalatov [Catalysts of the Synthesis of Poly(alkylene
terephthalates)] (Moscow: NIITEKhIM, 1989)

10. J Otton, S Ratton, V A Vasnev, G D Markova, K M Nametov,
V I Bakhmutov, L I Komarova, S V Vinogradova, V V Korshak J.
Polym. Sci., Polym. Chem. Ed. 26 2199 (1988)

11. J Otton, S Ratton J. Polym. Sci., Polym. Chem. Ed. 26 2183 (1988)
12. J Otton, S Ratton, V A Vasnev, G D Markova, K M Nametov,

V I Bakhmutov, S V Vinogradova, V V Korshak J. Polym. Sci.,
Polym. Chem. Ed. 27 3535 (1989)

13. F Pilati Polym. Commun. 25 187 (1984)
14. L Yurramendi, M Barandiaran, J Asua J. Macromol. Sci.-Chem.,

Part A 24 1357 (1987)
15. E Tucek, H Dinse Ada Polymer 31 429 (1980)
16. K Wolf, B Kuster, H Herlinger Angew. Makromol. Chem. 68 133

(1978)
17. G Rafler, F Tesch, D Kunath Ada Polymer 39 315 (1988)



286 MI Siling, T N Laricheva

18. I V Adorova, V V Kuznetsov Matematicheskoe Modelirovanie
Protsessa Sinteza Polialkilentereftalatov [Mathematical Modelling of
the Synthesis of Poly(alkylene Terephthalates)] (Moscow:
NIITEKhIM, 1987)

19. E Bonatz, G Rafler, G Reinisch Faserforsch. Textiltech. 24 118, 309
(1973)

20. L M Bolotina, A I Kutsenko, E G Maksimenko Plast. Massy (7) 13
(1973)

21. G D Markova, K M Nametov, in Polikondensatsionnye Protsessy i
Polimery (Polycondensation Processes and Polymers) (Nal'chik:
Kabardino-Balkariya State University, 1986) p. 88

22. L I Komarova, N N Lapina, B V Lokshin, V I Bakhmutov,
G D Markova, V A Vasnev Izv. Akad. Nauk SSSR, Ser. Khim. 1991
(1990)

23. L I Komarova, N N Lapina, B V Lokshin, V I Bakhmutov,
G D Markova, V A Vasnev Izv. Akad. Nauk SSSR, Ser. Khim. 2001
(1991)

24. K Tomita Kobunshi Ronbunshu 33 417 (1976)
25. E A Khrustaleva, M A Kochneva, L I Fridman, V G Lundina,

A L Suvorov, A I Tarasov, V D Alekhina, L I Kurinkova Plast.
Massy (10) 6 (1984)

26. E A Khrustaleva, Yu G Yatluk, A L Suvorov Izv. Akad. Nauk
SSSR, Ser. Khim. 1247 (1989)

27. V N Sapunov, G M Lemman, N N Lebedev Izv. Vyssh. Uchebn.
Zaved., Khim. Khim. Technot. 19 696 (1976)

28. M I Siling, V V Kuznetsov, Yu E Nosovskii, S A Osintseva,
A N Kharrasova Kinet. Katal. 1198 (1986)

29. G M Lemman, Candidate Thesis in Chemical Sciences, Moscow
Chemical Technology Institute, Moscow, 1974

30. Yu P Kudyukov, V Z Maslosh, I A Popova, E E Neskoredeva,
T V Alekseeva Plast. Massy (12) 28 (1988)

31. F Pilati, P Manaresi, B Fortunato, A Munari, P Monari Polymer 24
1479(1983)

32. R Feld, P L Cowe The Organic Chemistry of Titanium (London:
Butterworths, 1965)

33. K Ioda Chem. Soc. Jpn., Ind. Chem. Seet. 74 1476 (1971)
34. S I Chervina, E G Maksimenko, R S Barshtein Plast. Massy (7) 31

(1987)
35. F Pilati, A Munari, P Manaresi, V Bonora Polymer 26 1745 (1985)
36. T N Laricheva, I V Adorova, A Kh Bulai, M I Siling

Proizvodstvo i Pererabotka Plastmass i Sinteticheskikh Smol
(Ekspress-Informatsiya) [Production and Reprocessing, Plastics and
Synthetic Resins (Express Information)] (5) 1 (1985)

37. A Radias, H Hall J. Polym. Sci., Polym. Chem. Ed. 19 1021 (1981)
38. F Pilati, P Manaresi, B Fortunato, A Munari, V Passalacqua

Polymer 22 1566 (1981)
39. I V Adorova, A E Raver, T N Laricheva, in Protsessy i Apparaty

Proizvodstva Polimernykh Materialov, Melody i Oborudovanie dlya
Pererabotki ikh v Izdeliya (Tez. Dokl. Vsesoyuz. Konf.) (Abstracts of
Reports of the All-Union Conference on Processes and Apparatus for
Production of Polymer Materials, Methods and Equipment for Their
Processing to Products) (Moscow: Moscow Institute of Chemical
Machine Building, 1986) Vol. 2, p. 83

40. V Stah, E Poterasu, C Moisa, in Abstracts of Reports of the Second
National Congress on Chemistry, Bucharest, 1981 Vol. 1, Part 1,
p. 64

41. M Tanaka.H Iida, H Ikeuchi J. Soc. Fiber Sci. Techno!. 43 35 (1987)
42. Yu Tong-yin, Fu Shon-kuan, Ch Chuan-yn, Ch Wei-zhung,

Xu Rui-yun Polymer 27 1111 (1986)
43. B Moller, J Blaesch, M Mudrick, G Rafler, H Zimmerman,

H Stromeyer Ada Polymer 33 38 (1982)
44. F Pilati, P Manaresi, B Fortunato, A Munari, V Passalacqua, in

IUPAC Macro Mainz [The 26th International Symposium on
Macromolecules, 1979 (Short Communication Preprints)] \o\. 1,
p. 231

45. S Suvaram, V Upadhyay, K Phardway Polym. Bull. 5 159 (1981)
46. T Yamada J. Appl. Polym. Sci. 37 1821 (1989)
47. S I Chervina, E G Maksimenko, R S Barshtein, L M Vorob'eva

Kinet. Katal. 32 1157(1991)
48. A Ya Malkin, M I Siling Vysokomol. Soedin., Ser. A 33 2275 (1991)
49. V I Dmitriev Prikladnaya Teoriya Informatsii (Applied

Information Theory) (Moscow: Vysshaya Shkola, 1989)

50. G I Golodets Geterogenno-Kataliticheskie Reaktsii s Vchastiem
Molekulyarnogo Kisloroda (Heterogeneous Catalytic Reactions
involving Molecular Oxygen) (Kiev: Naukova Dumka, 1977)

51. B C Gates, J R Katzer, G C A Schuit Chemistry of Catalytic Processes
(New York: McGraw-Hill, 1979)

52. A D Klesov, I V Berezin Fermentativnyi Kataliz (Enzymatic
Catalysis) Part 1 (Moscow: Izd. Mosk. Gos. Univ., 1980)

53. M L Bender, R J Bergeron, M Komiyama The Bioorganic Chemistry
of Enzymatic Catalysis (New York: Wiley, 1984)

54. V K Antonov Khimiya Proteoliza (Chemistry of Proteolysis)
(Moscow: Nauka, 1991)

55. L A Nikolaev Osnovy Fizicheskoi Khimii Biologicheskikh Protsessov
(Fundamentals of the Physical Chemistry of Biological Processes)
(Moscow: Vysshaya Shkola, 1976)

56. G K Boreskov Zh. Vses. Khim. O-va im. DIMendeleeva 22 495 (1977)
57. O M Poltorak, in Kataliz. Fundamental'nye i Prikladnye Issledovaniya

(Catalysis. Fundamentals and Applied Investigations)
(Moscow: Izd. Mosk. Gos. Univ., 1987) p. 7

58. K I Zamaraev Usp. Khim. 62 1051 (1993)
59. I Shiihara, W T Schwartz Jr, H W Post Chem. Rev. 61 1 (1961)
60. A A Grinberg Vvedenie v Khimiyu Kompleksnykh Soedinenii

(Introduction to the Chemistry of Complex Compounds)
(Leningrad: Khimiya, 1971)

61. V M Nekipelov, K I Zamaraev Zh. Strukt. Khim. 24 133 (1983)



Russian Chemical Reviews 65 (4) 287 - 305 (1996) © 1996 Russian Academy of Sciences and Turpion Ltd

UDC 546.548

Design of inorganic compounds with tetrahedral anions

B I Lazoryak

Contents

I. Introduction 287
II. The use of crystal-chemical data for the construction of compounds with specified structures and properties 288

III. Construction of compounds with a new composition 289
IV. The structures and physicochemical properties of the materials 300
V. Conclusion 302

Abstract. The review deals with aspects of the modelling of the
compositions and properties of inorganic compounds with
tetrahedral anions on the basis of crystal-chemical information.
One of the possible algorithms employing crystal-chemical data
for the modelling of the compositions, structures, and properties
of new compounds is proposed on the basis of the structures of
six structural types (glaserite, P-K2SO4, bredigite, palmierite,
NASICON, and whitlockite). The likely usefulness of such data
for the solution of various problems in materials science is
demonstrated. The bibliography includes 208 references.

I. Introduction
Solid state chemistry is the science of chemical phenomena in
solid materials observed during their preparation, heat
treatment, use, ageing, and regeneration. This branch of
chemistry is also concerned with the development of theoretical
foundations for the synthesis of solid materials. Progress in
many branches of science and engineering is determined by the
development of new materials with a set of special properties.
The methods of solid state chemistry have been devised to
accelerate fundamental research involving the search for and
development of new materials.

At the present stage of development, solid state chemistry
faces a task concerned with the transition from the
consideration of individual aspects of the structures,
reactivities, and properties of materials with specified
structures, properties, and compositions to the determination
of the dependences of their properties on structure and the
development of procedures for the construction of such
materials based on scientific principles. This problem can be
partly solved on the basis of crystal-chemical data and the
theory of the electronic structure of solids and crystal lattice
defects.

The employment of crystal-chemical data is of interest both
for fundamental research — the understanding of the relations
between the chemical compositions, structures, and properties of
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compounds — and for applied studies — the search for new
materials with special and practically important properties
(phosphors, chemical sensors, superconductors, catalysts,
semiconductors, piezo- and ferro-electric materials, solid
electrolytes, materials for the storage of information, etc.).
The consideration of problems in materials science from the
structure-property-composition standpoint makes it possible
to achieve the specific syntheses of compounds and materials
having specified physicochemical characteristics. However,
problems in materials science have hitherto been usually solved
by empirical methods. Such an approach retards the
development of procedures for the synthesis of compounds
possessing a set of predetermined parameters.

The structures of a large number of inorganic compounds
(more than 15 000) have now been established. New studies
concerned with the determination of the crystal structures of
inorganic phases have mainly refined the assignment of a
particular compound to a structural type already known. When
the chemical composition of a compound becomes more
complex, its subcell usually increases or becomes distorted, but
the overall order in the alternation of cations and anions
remains unchanged.

As an example, we shall consider the ideal structure of the
natural mineral glaserite KjNa(SO4)2 [space group (sp.gr.)
P3ml, a = 5.680A, e = 7.309 A].1 Following substitution in
accordance with the scheme

Na+ = R3 2EO3,-

the compounds K3R(EO4)2 (R3+ = rare earth, Y; E5 + = P, As,
V) with a glaserite-like structure are formed.2"4 Depending on
the set of cations, different distortions of the ideal structure arise
in the crystals — from trigonal in K3R(PO4)2 (R = Sc, Lu)5-6 to
monoclinic in R3Nd(PC>4)2.7 The characteristic features of such
distortions have been discussed in a review.8 Here we shall only
note that the unit cell in lutetium and scandium compounds
increases by a factor of 3 and in neodymium compounds by a
factor of 2. A twofold increase in the size of the unit cell has
been observed also in K2MR(PO4)2 (M = Rb, Cs).9

Within the framework of the P-K2SO4 structural type
{Pnam, a = 7.456A, b = 10.08 A, c = 5.776 A),10 substitutions
also occur, for example in accordance with the scheme

4K 3Na R3

with formation of the compounds NaR(EO4)2."~15 They are
subdivided into nine structural types,16 each of them
characterised by a different volume of the unit cell and a
different space group. On passing from the ideal p-K2SO4
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structure to structures of the type Na3R(EO4)2, the volume of
the unit cell increases by a factor of 1-6.16 For other types of
substitution, for example

2K M + M2

the size of the unit cell remains unchanged, as in KBaPO4

(Pnam, a = 7.709 A, * = 5.663 A, c = 9.972 A),17 or increases, as
in P-CaNaPO4 (Pn2xa, a = 20.397 A, * = 5.412A,
c = 9.161 A),18 depending on the radii of the cations forming
part of the composition of the compounds.

In the examples quoted, the number of atoms in the subcell
does not change and all the cationic sites are fully occupied, but
it is possible to quote examples of structures in which some of
the cationic sites may be vacant. For example, in the structures
of Ca5(PO4)2SiO4,19 Cd5(PO4)2EO4 (E = Ge, Si),20

NaCd4(PO4)3,21 and a-Ca3(EO4)2,22 which are similar to
that of p-K.2SO4, one of the sites is partly occupied. The vacant
sites in the crystal lattice may be occupied by additionally
introduced cations and it is then possible to calculate
theoretically the limiting compositions of the phases.

The stability of a structure with a partly occupied site (or
sites) permits the existence of a lattice with a fully vacant site,
i.e. it is possible to 'remove' from the lattice a calculated number
of cations at non structure-forming sites and predict the limiting
composition of the new phases. Consequently the formation and
occupation of vacancies in the crystal lattice make it possible to
model new compounds within wide composition ranges.

The arsenates, vanadates, and phosphates having the general
formula M3(EO4)2 (M = Sr, Ba; E = As, V, P)24-27 a n d t h e

molybdates M5R(MoO4)4 (M = Rb, K, R = rare earth)28"32

crystallise in the structural type of the natural mineral palmierite
K2Pb(SO4)2 (Rim, a = 5.49 A, c = 20.83 A).23 In most cases,
these compounds retain the trigonal palmierite-like unit cell. A
decrease of symmetry to monoclinic has been observed for some
of them.31 We emphasise that, among the numerous palmierite-
like structures, there are no representatives with vacancies in the
cationic sublattice.

As regards the modelling of new compounds with specified
structures and properties, the NASICON (Na Super Ionic
Conductor) structural type is of undoubted interest.33

Compounds having the general formula A.rM2(EO4)3, where
A is a monovalent or divalent cation (Li + , Na + , K + , Ag+ ,
Cu + , Ca2 + , Sr2 + , Ba2 + , Cu2 + ), M is a divalent (Mg), trivalent
(Sc, V, In, Cr, Fe), tetravalent (Ti, Zr), or pentavalent (Nb, Ta)
cation, and E = Si, Ge, P, or As, and 0 ^ x ^ 4 , belong to this
structural type.34"38 In compounds of this class, the occupation
of some of the cationic sites may vary from 1 [x = 4,
Na4Zr2(EO4)3, E = Ge, Si]39-40 to 0 [x = 0, Sc2(MoO4)3].

41

Depending on the set of cations, the symmetry of the unit cell
varies from trigonal to monoclinic. It is also possible to quote
examples of other isostructural classes of compounds with
garnet,42 perovskite,43 bredigite,44 eulythine,45 and whitlockite 46

structures, in which some cations are substituted by others with
retention of the overall architecture of the structure.

Many of the phases listed above were initially synthesised
and only then assigned to a particular structural type, but most
of them could be predicted within the framework of a definite
structural type. All the necessary preconditions required for this
purpose were in fact available, namely the crystal structures and
radii of the cations were known47'48 (in the present review the
cationic radii quoted by Shannon48 are used).

II. The use of crystal-chemical data for the
construction of compounds with specified
structures and properties
One example of the use of crystal-chemical data for the
preparation of compounds in which the metal atoms would be in
an unusual valence state is the synthesis of the La2LiFeC>6 oxide
phase containing Fe(V) cations.49 The synthesis of this

compound became possible by the creation of the necessary
structural preconditions promoting the existence of the tlgeg
electronic configuration of the iron atoms. Demazeau et
al.49 stabilised the 'unusual' iron(V) valence state by introducing
lithium cations, which strengthen the Fe —O bond by means of
the six weakly competing Li — O bonds in the octahedron of the
perovskite structural type.

Another example is the synthesis of the K2NaPdF6 fluoride
phase.50 The authors stabilised the palladium (III) ion in the
t\ge\ electronic configuration, which is intermediate between the
stable t%eg [Pd(IV)] and t\ge\ [Pd (II)] configurations, by the
deformation of the elpasolite (K^NaAlFe) structural type. In the
K.2NaPdF6 lattice, the [PdF6] octahedra are extended compared
with the [A1F6] octahedra, which also promotes stabilisation of
the t\ge\ state.

After the discovery by Bednorz and Muller51 of high-
temperature superconductivity (HTSC) in the compounds
La2-.vBa.xCuO4 with a perovskite-like structure, crystal-
chemical data became the basis of the search for subsequent
generations of materials with higher critical temperatures (7"c) of
the transition to the superconducting state. The structures of the
superconducting phases have been examined in detail in a
number of reviews.52"54 By selecting the ionic radii and the
oxidation states of the cations within the framework of the
perovskite structural type, the copper-containing super-
conducting oxide materials Bi2Sr2Can_iCunO2n + 4 ,5 5 5 6

Tl2Ba2Can_iCunO2n+4+6,57'58 Pb2Sr2R.vCu3O8 + 5 (R = rare
earth, Y; M = Ca, Sr),59 and HgBa2CuO4+5 (see Ref. 60)
were in fact synthesised. The conductivity in these phases is
ensured by the two-dimensional (CuCh) layers.

Many superconducting compounds have the composition
AmM2Rn-iCu^O^, where A = Bi, Tl, Pb, or Hg, M = Ba or Sr,
R = Ca or rare earth, and m-\ or 2. They are made up of
(AO), (MO), (BO), and (CuO2) layers alternating along the c
axis of the unit cell. An increase in the number of (CUO2) layers
in one block of the structure (usually to three) leads to an
increase in the critical temperature Tc. The problem of the
synthesis of multilayered structures of the 'puff pastry' type
arose in this connection. This can be achieved by means of a
layer-by-layer arrangement of the 'dielectric' blocks and CuO2
layers. However, a necessary condition for the formation of such
structures is that the distances in different layers are
commensurate. This is particularly important for the (CUO2)
and (MO) layers, where the ratio dM~o'-dcu-o must be
approximately equal to i/2.74 In the layered HTSC cuprates,
where the distance dcu-o varies from 1.9 to 1.98 A, the distance
dM-o should be 2.69-2.80 A, i.e. the cations M may be Ba2 + ,
Sr2+, and La3 + . Such crystal-chemical preconditions served as a
basis for the construction of the mercury-containing compounds
HgBaRCu2O6_+g (R = rare earth)61 and of superconductors of
a new class60 with the record-breaking critical temperatures
J c = 135-164 K.

The dimensions of the polyhedra in the structure make it
possible to predict the positions of the cations in the lattice and
their mobilities. Thus, in the case of superionic conductors with
the NASICON structure, 33-62~64 it is possible to show on the
basis of structural information that decrease in the size of the
structure-forming cation (M) hinders the migration of the
mobile sodium ions within the channels of the structural
framework. The corresponding weakening of ionic conductivity
has been observed experimentally on passing from Na3Zr2.

c = O.2n- ' cm-1)33-62 to Na3MgZr(PO4)3

cm"1) and Na3MnZr(PO4)3 (<x3oo c =
c m 1 )

.(SiO4)2PO4

(ff3oo *c = 0.16
= 5 .5x lO~ 4 f l - ' cm"1).38 The radii of the structure-forming
cations with CN = 6(rvi) are 0.72 A for Zr4 + , 0.83 A for Mn2 + ,
and 0.72 A for Mg2 + . On substitution of the tetravalent cation
by a divalent one, the channels within the structure decrease
with a corresponding diminution of conductivity. An analogous
increase in conductivity is observed in Na3M2(PO4)3 on increase
in the radius of the cation M.
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Cation rvi/A Ref.

Cr3 +

Fe3 +

Sc3 +

0.615
0.645
0.745

7.8 x l O " 3

9.8 x l O " 3

5.0 x l O " 2

65
65
66

It follows from the examples presented that information
about the dimensions of the channels makes it possible to alter
deliberately the conductivity in structures of the NASICON
type. Thus the analysis of vacancies made it possible to discover
channels in which the sodium cations migrated from their
narrowest sites.67"69 Later a similar scheme was also proposed
in other investigations.70"72

A structure of the NASICON type has a high capacity in
relation to metal cations. This promotes the formation of a large
number of compounds of this structural type having different
compositions but identical structures. In the lattice of the
NASICON type with the crystal-chemical formula
A'A3M2(EO)4)3 (E = P, As, Si, Ge), heterovalent and isovalent
substitutions can be carried out at the A', A, M, and E sites. The
occupations of the A' and A sites may vary from 1 [in
Na4Zr.(EO4)3]39-40 to 0 [in Sc2(Mo04)3].41 Monovalent [Li, Na,
K, Cu; A IM^V(PO4)3],35-3873-78 divalent [Ca, Sr, Ba, Cu;
A^5M2

V(PO4)3],79-82 and trivalent [Ln; A|I/3M2
V(PO4)3]

83

cations can enter these positions. Tetravalent (Zr, Hf, Ti,
Ge, Sn)39-40-74"86 and trivalent [Sc, Cr, Fe, Ga, V, In;
A3Mnl(PO4)3]65-67-68-80-87"89 cations can enter the M positions.
These positions can also be occupied by cations with different
valences, for example divalent and trivalent [M11 = Mg, Zn;
M m = Sc, Cr; Na2.vM^.Sc2_2.v(PO4)3, N a ^ C r ^ M g . - .
.(PO4)3],

37-90 trivalent and tetravalent [M111 = Cr, Fe, Ga,
In, Tl; M l v = Ti, Zr; A1IMIIIMIVPO4)3],7980 as well as
tetravalent and pentavalent [NbvTiIV(PO4)3 and
NbvNbIV(PO4)3]34-91 cations. The compositions of the
compounds listed above have been modelled on the basis of
crystal-chemical data. The introduction of cations with different
sizes and in different oxidation states influences appreciably the
mobility of the type A cations in the three-dimensional cavity
framework.65-66-92 The latter fact is important for the
preparation of solid electrolytes with specified electrophysical
characteristics.

The ability of the {[M2(EO4)}°~}30c framework to retain the
cations of one element in different oxidation states at an A site
(for example Cu+ (see Refs93-95) and Cu2+ (see Ref. 82))
promotes the occurrence of reversible redox reactions
(Cu2+ + e ^ C u + ) ,% which is a precondition for the
application of these materials as catalysts, for example in
the dehydrogenation of butanol.97

Yet another example of the synthesis of compounds with a
specified structure by means of isovalent substitution based on
crystal-chemical data is the synthesis of the compounds
M2M'R(PO4)2 having structures analogous to that of glaserite
with M - M ' combinations: potassium-rubidium, potas-
sium-cesium, and rubidium-cesium.6-9-98 In conformity
with the crystal-chemical formula of the glaserite-like structure
X|12!Y!,101M[6|(EO4)2, the chemical composition of the
compounds was chosen in such a way that the number of
alkali metal cations with a larger radius is two times smaller
than that of the alkali metal cations with a smaller radius. This
relation was established on the basis of the number of X'12' and
2Y|1O1 sites in the glaserite type structure.1 According to the
results of structural analysis, the alkali metal cation with the
larger radius in the glaserite-type structure occupies the more
capacious X[12) site. Depending on the set of alkali metal
cations, different types of distortions of the glaserite structure
occur in the compounds under discussion.

Analysis of the dimensions of the polyhedra and of their
number in the P-Ca3(PO4)2 structure,99 which belongs to the
structural type of the mineral whitlockite Ca1s.19Mg1.1-7.
.Fe0.83Hi.62(PO4)i4,46 made it possible to model the new
compounds Ca9(PO4)7 (R3+ = Ln, Y, Bi, Sc, Cr, Fe, In) , 1 0 0 1 0 3

Cai0M(PO4)7 (M = Li, Na, K, Cu),104-105 and Ca9MgM(PO4)7

(M = Li, Na, K)106 and to predict a wide region corresponding
to the ternary phosphates in the Ca3(PO4)2-RPO4-M3PO4

systems.107 Cations with different dimensions and oxidation
states (from +1 to +4) form part of the composition of the
whitlockite-type crystal lattice.

Analysis of whitlockite like structures made it possible to
predict the occurrence of reversible redox reactions. Such
reactions proceed without the destruction of the crystal lattice
but with a change in the oxidation state of the transition metal
cation. The reduction reaction is accompanied by the
incorporation of a proton in the crystal lattice, while the
oxidation reaction involves its elimination. 1 O 8 - n o The
corresponding reactions proceed in accordance with the
following schemes:

Ca9Feln(PO4)7 + 0.45 H2 = Ca9Fe{l
1

9Fe^H0.9(PO4)7 (1)

Ca9FeJ,I9FeJIiH0.9(PO4)7 + 0.225O? =
= Ca9Fem(PO4)7 + 0.45H2O (2)

The materials in the crystal lattice of which reversible redox
reactions take place may be used as catalysts,111""5

intermediates for the two-stage oxidation of hydrogen,116117

and sensors.118

Crystal chemistry makes it possible to interpret successfully
and to predict the formation of different phases in oxide systems
exhibiting a complex polymorphism. Such compounds have
valuable practical properties (luminescent, magnetic, ferro-
elastic, piezo- and ferro-electric, and catalytic), which are often
successfully combined in a single material. The properties of
such complex systems cannot be always predicted, but the use of
crystal-chemical data makes it possible to solve successfully
certain controversial problems.119

The Ca3(PO4)2-Ca2SiO4 system is important in the
processing of natural phosphate raw material and in the
metallurgy of converter slags. The experimental data obtained
by different authors120"124 concerning the regions of existence
of individual phases in the system are extremely contradictory
and it has been possible to interpret them correctly only by
employing data on the structures of the individual phases of the
system.125 Furthermore, crystal-chemical data made it possible
to justify on a scientific basis the use of various additives in the
formation of a charge for the preparation of phosphate
fertilisers with the maximum solubility in 2% citric acid
solution110125"130 and hence to avoid additional studies
concerning the search for the optimum charge composition.

The examples quoted demonstrate that crystal-chemical data
can be used effectively for the prediction of the compositions of
new compounds with specified physicochemical properties.

III. Construction of compounds with a new
composition
In the modelling of new phases on the basis of crystal-chemical
data, analysis of the dimensions of the occupied and vacant
polyhedra and of their number is important in the first stage.
The outcome of such analysis is the crystal-chemical formula of
an individual structure or structural type on the basis of which
the composition of the possible phases may be predicted by
means of iso- or hetero-valent substitutions, taking into account
the formal valences and dimensions of the cations. In addition,
the dimensions of the ions and polyhedra in this structure make
it possible to predict the positions of the atoms in the lattices.

The characteristic features of the structures of a series of
structural types with tetrahedral anions, which will be used for
the modelling of the compositions of compounds with specified
structures and properties, are discussed below. The generalised
data, obtained as a result of such analysis, provide an algorithm
for the modelling of new compounds and their properties.
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1. The glaserite KsNa(SO4)2 structural type
The glaserite structural type is common among inorganic salts
with tetrahedral anions. Two types of columns directed along
the 3 axis are differentiated in the glaserite crystal lattice (Figs 1
and 2): cationic (C) and mixed cationic-anionic (A). The A
column is made up of alternating (EO4) tetrahedra and YO10
polyhedra: ... —YO10 —EO4 —YO10 —... (Fig. 1) The cation in
the Y position is surrounded by ten oxygen atoms: four of these
are close (three belong to the face of a single tetrahedron, the
fourth apical oxygen — on the 3 axis — belongs to another
tetrahedron), while six are remote (the edges of three tetrahedra
are disposed along the equator) (Fig. 3 b). The coordination
number of this site can be formulated as Yl4+6i.

The C columns in the glaserite-like structures are made up of
octahedra and dodecahedra: ... — MC>6—XO12 — MC>6 —... The
atom at the M site is surrounded by six oxygen atoms (one atom
each from the six tetrahedra) and its coordination number can
be formulated as M'6J (Fig. 3 d). The atom at the X site is
surrounded by six nearest oxygen atoms (one oxygen atom each
from the six tetrahedra) and six more remote apical oxygen
atoms and its coordination number can be specified as X'6 + 6 '
(Fig. 3 a). The crystal-chemical formula for glaserite-like
structures can be written as Xl6+6)Y2

4+61M|61(EO4)2. The
cations K + in the K3Na(SO4)2 structure occupy the large X [6+6]

and Yl4"1"6! polyhedra, whilst the cations Na occupy the M'61

polyhedra.
The two neighbouring cationic-anionic type A columns in

the glaserite-like structures have different orientations of the
EO4 tetrahedra along the 3 axis [with the apical oxygen atoms
pointing downwards or upwards (Fig. 1)]. Each type C column
is surrounded by three type A columns, in which the tetrahedra
are oriented in such a way that the apical oxygen atoms are
directed downwards, and by three columns with tetrahedra in
which the apical oxygen atoms are directed upwards (Fig. 2).
The greatest amount of information about the positions of the
tetrahedra and the cations is contained in the projection of the
glaserite-like structure on to the ( i l l ) plane. Henceforth we
shall compare layers which are arranged around this plane. The
glaserite structure can be constructed from such layers, two
neighbouring layers being displaced relative to one another by
1/2 of a translation along the c axis, while two neighbouring A
columns in the layer have the opposite orientations of the
tetrahedra (Fig. 1).

It follows from the analysis of the surroundings of the X'12',
Y[10], and M[6] sites that in a glaserite-like structure' with the
composition M3M'(EC>4)2 there are three large polyhedra (X[121

+ 2Y['°]) and one small polyhedron (M[6]). This structural type
is characteristic of salts in which the large cation: small cation
ratio is 3:1. This ratio as well as the dimensions of the cations
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Figure 1. The layers in the K3Na(SO4)2 and (3-K2SO4 structural types.
(a) K3Na(SO4)2; (6) (3-K2SO4; (c) P-Ca2SiO4; (d) Ca3Mg(SiO4)2; (e) Ca5(PO4)2SiO4; if) 6 Ca2SiO4 Ca3(PO4)2; (g) a-Ca3(PO4)2.
Sites: (1) M = Na + or Mg2 + cations; (2) X = Ca2+ or K + cations; (3) and (4) Y = Ca2+ or K+ cations.
(i) fully occupied site; {4) half-occupied site; (5) vacancy. The unit cells are differentiated. The triangles and tetrahedra represent anions.125
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Figure 2. The alteration of polyhedra in the K.3Na(SO4)2 and p-K2SO4 structural types.
(a) K3Na(SO4)2; (b) 3-K2SO4; (c) P-Ca2SiO4; (d) Ca3Mg(SiO4)2; (e) Ca5(PO4)2SiO4; (/) 6Ca2SiO4 • Ca3(PO4)2. The unit cells are differentiated.125

are of fundamental importance in the formation of a glaserite-
like structure. If the K3Na(SO4)2 structure is adopted as a basis,
then the difference Ar between the radii of potassium
[/"xn(K) = 1.64 A] and sodium [rvi(Na) = 1.02 A] is approx-
imately 0.6 A. In this case, an ideal arrangement is achieved.
When this difference is altered (a set of other cations is
adopted), the structure is distorted (Table 1). It may be
metastable (Ar = 0) when the radii of the cations at the X, Y,
and M sites are identical, as happens, for example, in a-Ca2SiC>4
(see Ref. 131) and a'-Ca3(PO4)2-132 These two phases crystallise
in the glaserite-like structural type and exist only at high
temperatures. Under the usual conditions, they crystallise in
the P-K2SO4 structural type,10 which will be described below.

AXA

VXV
Figure 3. The X'6 + 61 (a), Yl4 + 61 (b), XI6 + 31 (c), and M'6' (d) polyhedra in
the glaserite, palmierite, and P-K2SO4 structural types.110

With increase in the difference Ar, the symmetry of the cell may
be reduced to monoclinic,2 as happens, for example, in
Rb3Sc(PO4)2 [/"xn(Rb + ) = 1.72 A, rIX(Sc3 + ) = 0.745 A]. In this
case, Ar has the maximum value of 0.97 A among those known
for glaserite-like phases. The minimum value Ar = 0.59 A is
observed for BaNaPO4.134 In the Ca3Mg(Si04)2 (merwinite)
crystal lattice,133 the positions of the tetrahedra are the same,
apart from small rotations, as in the glaserite-like structure
(Fig. 1). The Mg2+ cations occupy the M site, while the Ca2 +

cations occupy the X and Y sites. Thus the partial replacement
of Ca2+ by Mg2+ in calcium a-silicate leads to the formation of
a stable glaserite-like structure.

The glaserite structural type is stable for compounds in
which the difference between the radii of the cations occupying
the M and X(Y) sites is in the range 0.59 s* Ar =S0.89 A. With
decrease in this difference, metastable glaserite-like structures or
compounds crystallising in the P-K2SO4 structural type are
formed.10 The upper limit can apparently reach 0.98 A.
However, these data are unreliable, since the Rb3Sc(PO4)2
structure, for which Ar = 0.98 A, has not been investigated. In
the case of cations with a small radius, characterised by an
octahedral environment, the above difference Ar gives rise to the
formation of the glaserite structural type. With increase in its
radius, the small cation tends to increase the size of its
coordination polyhedron and hence to alter the structural type.
This conclusion can be well illustrated for compounds of the
K3R(PO4)2 series. Thus K3Lu(PO4)2 (see Ref. 5) belongs to the
glaserite structural type, whilst K3Nd(PO4)2 (see Ref. 7) belongs
to the P-K2SO4 structural type. According to Kalinin's data,2

the glaserite structural type is stable for compounds with
R = Gd-Lu.

It follows from the analysis of the distances in the polyhedra
of the glaserite-like phases that the large cation: small cation
ratio may also be 1:1. Thus a small cation, for example, sodium
can also enter the X'6+61 position. Such a position of sodium (at
the X and M sites) has been found in the crystal structures of
KNaSO4 (see Ref. 1) and BaNaPO4.134 Compounds with a
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Table 1. X-Ray diffraction characteristics of certain glaserite-like phases.

Compound

K3Na(SO4)2a

a-Ca2SiO4

Ca3Mg(SiO4)2
a

K3Sc(PO4)2
a

K3Lu(PO4)2a

Rb3Sc(PO4)2

Rb3Gd(PO4)2

Rb3Ho(PO4)2

KNaSCV
BaNaPO4

a

a /A

5.68
5.529

13.254
9.430
9.601

10.51
19.53
9.879
5.607
5.622

b/k

5.68
5.529
5.293
9.430
9.601

10.07
34.45
9.879
5.607
5.622

a The crystal structure has been determined.

c/A

7.305
7.311
9.328
7.629
7.725
9.813
7.725
8.118
7.177
7.259

P/°

91.90

104.6
90.8

Space group

P3ml
Plml
P2i/a
P3ml
Plml
—
—
Plm\
PlrnX
P3m\

Ar/A

0.62
0.0
0.62
0.89
0.78
0.97
0.70
0.70
0.62
0.59

BILazoryak

Ref.

1
131
133
6
5
2
2
2
1
134

similar composition have been found among tungstates and
molybdates, for example MR(EO4)2 with M1 = K or Rb and
R m = Al, Sc, Fe, Cr, or In.'35 Thus the formation of the crystal
lattice in the structural type under discussion depends both on
the ratio of the radii of the cations and on their number.

Having at one's disposal data on the structure of
K3Na(SO4>2 and knowing the radii of the cations, it is possible
to predict the compositions of a series of compounds which may
crystallise in the glaserite structural type. Thus, the substitution
of SO4- by MOO4", EO4" (E = P, V, As), and E O ^ (E = Si,
Ge) and the selection of the corresponding cations in order to
maintain electroneutrality may be expected to result in the
formation of the compounds M3Na(MoC>4)2, M3R(EC>4)2 (M' =
K, Rb; R = Ln, Y, Sc; E = P, V, As), M3M(SiO4)2 (M' = Ba,
Sr, Pb; M = Mg, Cu) and BaCa2Mg(Si04)2. Some of them have
been described above. The characteristic features of the
structures and the physicochemical properties of some of the
glaserite-like phases have been described in detail.2~6'8'9'79'135

2. The P-K2SO4 structural type
The P-K2SO4 structure is made up of cationic (C) and cationic-
anionic (A) columns (Fig. I)10 similar to the columns in the
glaserite structure. In the type A column (... —EO4—YO10
— EO4—...) , the coordination polyhedra are retained, whilst in
the type C column (... —XO9—XO9 —...) they are changed.

The cationic column in P-K2SO4 (see Ref. 10) is surrounded
by four type A columns with a single orientation of the
tetrahedron and by two such columns with a different
orientation (Fig. 2). This results in the formation of a structure
in which layers with a single orientation of the tetrahedra
alternate with layers having tetrahedra with the opposite
orientation (Fig. 1). In contrast to glaserite, in the structure of
which two neighbouring tetrahedra from two type A columns
always have the opposite orientations, in the P-K2SO4 structure
the two neighbouring tetrahedra can have both identical or
opposite orientations of the tetrahedra along the c axis of the
unit cell (Fig. 1), i.e. on passing from glaserite to P-K2SO4 the
orientation of some of the tetrahedra is reversed. As a result of
the rotation of the tetrahedra, the unit cell symmetry is reduced
from trigonal to orthorhombic, while the environment of the Y
site in the A column is retained (Fig. 3 b). The rotation of the
tetrahedra in no way affects the positions of the E and Y sites on
the threefold 'pseudoaxis', while the X site is displaced from this
'pseudoaxis'. The coordination numbers of the X and M sites in
the C column are changed. These sites in the P-K2SO4 structure
become equivalent and the immediate octahedral (as in glaserite)
arrangement of the surrounding oxygen atoms from six
tetrahedra is retained for these sites. When account is taken of
the three more remote apical oxygen atoms, the coordination
number of these sites (X and M) becomes nine — Xt6+3l
(Fig. 3 c). The crystal-chemical formula of the P-K2SO4
structural type is X[6+3)Y[4+6lEO4.

It follows from the analysis of the X—O and Y —O distances
in the XO9 and YO10 polyhedra that the P-K2SO4 structural
type is more stable for cations with similar radii. Iso- and
hetero-valent substitutions in the cationic and anionic
sublattices of the P-K2SO4 structure may lead to compounds
having different compositions. After the substitution of SO4~ by
EO^" (EVI = Mo, W), EO|- (EV = P, V, As), and EOl"
(E = Si, Ge), it is necessary to select cations such that the ratio
of their radii differs little from unity (Table 2). The formation of
the P-K2SO4 structural type is promoted by cations tending to
achieve an octahedral environment. The latter is associated with
the fact that the X site in the must immediate environment must
have six oxygen atoms (a distorted octahedron) and the long
X—O distances in this octahedron promote the incorporation in
the latter of cations with a radius greater than 0.9 A.

P-Ca2SiO4 is constructed similarly to P-K2SO4.136 The
substitution of potassium by calcium and of SO^" by SiO^ is
accompanied by a monoclinic distortion of the ideal P-K2SO4
structure. As can be seen from Fig. 2, on passing from P-K2SO4
to p-Ca2SiC>4, the tetrahedra rotate and the reflection plane
disappears. Owing to the rotation of the tetrahedra, eight
oxygen atoms (one each from the six tetrahedra and two apical
oxygen atoms) located at a distance of 2.36-2.80A, and a
further one oxygen atom, separated by a distance of 3.25 A,
enter the first coordination spheres of the Ca2 + ions occupying
the X sites. The coordination number of this site can be
formulated as X[8 + |l. Furthermore, the rotation of the
tetrahedra alters the immediate environment of the metal atom
at the Y site: six oxygen atoms are accommodated in the first
coordination sphere at distances of 2.30-2.75 A, whilst the
other four oxygen atoms, which build up the Y polyhedron to a
decahedron, form the second coordination sphere with distances
d\-o = 2.98-3.30 A. The rotations of the tetrahedra also bring
the two apical oxygen atoms closer to the Y site (ota-o = 3.48
and 3.56 A). In P-K2SO4 they are separated by more than 4 A.
The coordination polyhedron of the Ca2 + cations at the Y site
in the P-Ca2SiO4 structure can be formulated as Yl6 + 4 + 2 l ,
whereupon the crystal-chemical formula assumes the form
X[8+i]Y[6+4+2]EO4 T h e idealised formula is XPlY^EC^, as in
the P-K2SO4 structure. The layers in the two structures are
similar (Fig. 1).

The y-, p-, a'L-, a.'H- and a-polymorphic modifications have
been observed for CajSiC^.137 The characteristic features of the
structures of the polymorphic calcium orthosilicate modifica-
tions have been described in detail.131138139 The a'H-Ca2SiO4
phase is isostructural with a'-S^SiCh139 and oc'-
Sri.9Bao.iSi04.140 and has a structure of the undistorted
P-K2SO4 type. The a'L-Ca2SiO4 structure is intermediate
between p-Ca2SiO4 and P-K2SO4 and is apparently constructed
similarly to the calcium silicophosphate 6Ca2SiO4 • Ca3(PO4)2

with partially ordered layers.141 The a'H-Ca2SiO4 structure is
similar to the undistorted P-K2SO4 structure. According to
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Table 2. X-Ray diffraction characteristics of certain phases based on the P-K2SO4

Compound

P-K2SO4"
p-Ca2SiO4

a

p-Sr2SiO4
a

a'L-Ca2SiO4

a'H-Ca2SiO4

a'-Sr2SiO4

ot'-Sri.9Bao.iSi04
0

6Ca2Si04 Ca3(PO4)2
a

Ca5(PO4)2SiO4
a

a-Ca3(PO4)2
 a

P-K2PO3Fa

Cd4Na(PO4)3
a

Cd5(PO4)2SiO4
a

Cd5(PO4)2GeO4
a

K.BaPO4
a

P-CaNa(PO4)2
a

Na3La(VO4)2"
Na3Nd(PO4)2

a

Na3Er(VO4)2"
K3Nd(PO4)2

a

Na3Nd(VO4)2
a

a/A

7.456
5.502
5.663

11.18
5.63
5.682
5.674
9.40
6.737

12.887
7.543
6.67
6.692
6.734
7.709

20.397
5.582

15.874
5.490
9.532

29.14

b/k

10.08
6.745
7.084

18.92
9.52
7.09
7.08

21.71
15.508
27.280
10.16
15.10
14.99
15.107
5.663
5.412

14.240
13.952
9.739
5.631
5.574

" The crystal structure has been determined.

c/A

5.776
9.297
9.767
6.832
6.85
9.773
9.745
6.83

10.132
15.219
5.933

10.04
10.140
10.210
9.972
9.161

19.42
18.470
7.215

14.22
14.22

i structure.

P/°

94.59
92.67

126.2

93.1
90.95
91.4

Space group

Pnam
P2i/n
P2i/n
Pmcn
Pmcn
Pmnb
Pmnb
Pnm2\
Pnma
Plxla
Pnam
Pnam
Pnam
Pnam
Pnam
Pn2ia
Pbc2,
Pbc2,
P2\ln
Plxlm
Cc

Ar/A

0
0
0
0
0
0
0
0
0
0
0
0.05
0
0
0.06
0.16
0.196
0.143
0.04
0.387
0.143

Ref.

10
136
140
131
139

131
140
141
19
22
10
21
20
20
17

18
11
13
14
7

12

Kozak et al,131 the a'H —> a polymorphic transition can occur as
a result of the jump of the 'small' Si4

+ cation from its
tetrahedron to a neighbouring vacant tetrahedron, which
ultimately appears as rotation of the tetrahedra. As a result of
such a jump, the structure of a-Ca2SiO4 corresponds to that of
the ideal glaserite. The cationic positions are fully occupied in
the crystal lattices of all the polymorphic modifications of
calcium silicates.

In the P-K2SO4 structural type, substitutions in both
cationic and anionic components are possible. For example, the
compound P-K2PO3F, isostructural with P-K2SO4, has been
synthesised.10 The structures of compounds with vacancies in
the cationic sublattice, for example the calcium silicophosphates
formed in the Ca2SiO4-Ca3(PC>4)2 system, have been
described.l9-22-141

Two crystal structures have been determined for calcium
silicophosphates: 6Ca2SiO4 • Ca3(EO4)2 (see Ref. 141) and
Ca5(PO4)2SiO4.

19 The 6Ca2SiO4 • Ca3(PO4)2 structure belongs
to the P-K2SO4 structural type. Four-layer fragments along the
[010] direction can be differentiated in it (Figs 1 and 2). Three
layers are the same as in the p-Ca2SiC>4 structure, whilst the
fourth layer differs little from the layer in p-K2SC>4. A similar
alternation of distorted and undistorted (weakly distorted)
layers has been found in Cd5(PO4)2EO4 (E = Si, Ge),20

Cd4Na(PO4)3,21 and a-Ca3(PO4)2-22 We may note that the Y
sites in the undistorted layer of these structures are vacant.
Taking into account the latter factor, one may claim that the Y
sites in the 6Ca2SiO • Ca3(PO4)2 structure are half-occupied in
one layer (Fig. 1), while in the remaining layers they are still
fully occupied (Fig. 2). This structure can be obtained by the
alternation of the three occupied layers and one layer with a
half-occupied site. The coordination numbers of the Y site vary
from 7 to 10, whilst those of the X site are 7 and 8.

The structure of silicocamotite Ca5(PO4)2SiC>4 can also be
built up by alternating the layers (two with a occupied Y site
and one with an vacant Y site) (Figs 1 and 2).19 The two
occupied layers resemble in this instance the analogous layers in
P-Ca2SiO4, while the layer with an vacant Y site corresponds to
the layer in the P-K2SO4 structure. Appreciable rotation and
shifts of the tetrahedra from the ideal sites are observed in the
occupied layers, whereas in the vacant layer the vacancies in the

type A column promote the 'ideal' arrangement of the
tetrahedra.

The maximum distortion of the type P-K2SO4 lattice is
observed in a-Ca3(PC>4)2.22 An ordered occupation of the Y
sites in type A columns occurs in this structure (Fig. 2). The
tetrahedra in this structure are intermediate between the ideal
positions in the P-K2SO4 and the glaserite structures. This is
manifested also in the coordination numbers of calcium, which
vary from 6 to 10. The intermediate structure a-Ca3(PO4)2 has
also been confirmed by the arrangement of the cations in the
type C column, where some of the calcium cations are located
virtually on the threefold 'pseudoaxis', whilst the others are
arranged as in P-K2SO4 (Fig. 1).

At a temperature above 1723 K, the a-Ca3(PO4)2 phase
undergoes a transition to the a'-modification.132 One may
postulate that this modification is built up on the basis of the
glaserite and not the P-K2SO4 structure. This conclusion was
confirmed by the fact that a continuous series of solid solutions
is formed at high temperatures (>1723K) between a-Ca2SiO4

and 0t'-Ca3(PO4)2,120~123 which is possible only when the
components of the system are isostructural.

It follows from the data presented that the P-K2SO4
structural type is more stable also in the presence of vacancies in
the cationic sublattice. These vacancies are present only in the
mixed anionic-cationic column (the Y site).22'141 The maximum
number of vacancies occurs in a-Ca3(PC>4)2.22 In the
a-Ca3(PO4)2 lattice, the Y site is half-occupied. In the com-
pounds Cd4Na(PO4)3 (see Ref. 21) and Cd5(PO4)2EO4 (E = Si,
Ge),20 there is an intermediate occupation of the Y site, as in the
case of Ca5(PO4)2SiO4.

19 The different degrees of occupation of
the Y sites in these phases are clearly reflected by their crystal-
chemical formulae: X2Yn(PO4)2 and X3Y2n(EO4)3

With increase in the number of vacancies in the crystal
lattice, the distortion of the type P-K2SO4 structure increases
and in the silicophosphates the following features are observed:
(1) the layers in which the Y sites are vacant or are partly
occupied correspond to the ideal layers in P-K2SO4 (Figs 1 and
2); (2) neighbouring layers with fully occupied Y sites are
distorted owing to the rotation of the tetrahedra. The
individuality of the cation exerts a lesser influence on the crystal
lattice. Thus Cd4Na(PO4)3 (see Ref. 21) and Ca5(PO4)2SiO4 (see
Ref. 19) have identical structures although they have different
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sets of cations, but the degree of occupation of the Y sites is the
same.

The distortion of the type P-K2SO4 structure is mainly
associated with the rotation of the tetrahedra, which has been
confirmed by luminescence spectroscopic studies of solid
solutions in the MNaPO - Na2Eu(PO4)2 (M = Ca, Sr)
systems.142143 The authors note that the broadening of the
lines in the luminescence spectra is associated with the rotation
of the PO4~ tetrahedra without change in the cationic sublattice.
The X-ray diffraction patterns of solid solutions in the
MNaPO-Na2Eu(PO4)2 (M = Ca, Sr) system are identical. On
the other hand, three (for M = Ca) and two (for M = Sr)
composition ranges with identical spectra have been
differentiated in the luminescence spectra of these solid
solutions.

Heterovalent substitution in accordance with the scheme

2K+ M2+

leads to the formation of the compounds M'MPO4 (rhenanites).
There are data on the crystal structures of the compounds y-, P-,
and a-NaSrVO4,144 NaBaPO4,134135 KBaPO4,17146

TlBePO4,147 and P-CaNaPO4.18 Only the crystal structures
of KBaPO4 and P-CaHaBO4 are of the p-K2SO4 type. In these
structures, the alkali metal cations occupy the Y site, while the
alkaline earth metal cations occupy the X site (Fig. 4). In the
P-CaNaPO4 structure, the type A column contains three
different PO;*" tetrahedra. This increases the parameter a by a
factor of three compared with that in P-K2SO4. As a result of
the rotations of the tetrahedra in this structure, the coordination
numbers of the Y and X sites change. In the P-CaNaPO4
structure, the sodium cation is surrounded by six oxygen atoms
in the immediate vicinity (up to 2.8 A) or by ten oxygen atoms
when more remote ones (up to 3.3 A) are taken into account.
The rfca-o distances in the cationic C column are 2.39-2.79 A.
The coordination polyhedron consists of eight oxygen atoms.

• •

• a—— • j *

D 4> • £&> D

• °A • °A • °-o- o
• — Na O—

•
• c

D

•

O —Ba • — K

Figure 4. The layers in the |3-CaNaPO4 (a)18 and BaKPO4 {bf
structures.

As noted above, a large group of compounds with the
composition Na3R(EO4)2 (R = rare earth; E = P, V, As)
crystallises in the P-K2SO4 structural type. Eight varieties of this
structural family are distinguished (Fig. 5).16

The cations alternate in the same sequence in the
compounds Na3R(EO4)2. The lanthanide and sodium cations
occupy the X site in an ordered manner (...—Na —R —Na —...).
The Y site is occupied by sodium cations. Depending on the set
of elements in the compounds, the crystal lattice is subjected to
different distortions induced by the rotation of the EO4

tetrahedra. The coordination polyhedra of the cations change as
a result of the rotation of the tetrahedra (6-7 for Na, 6 -8 for
R). The rotation of the tetrahedra is induced by the tendency of
sodium and lanthanide cations to assume smaller and larger
coordination numbers respectively than those 'inherent' in the
ideal p-K2SO4 structure.

It is noteworthy that the distortions of the crystal lattice in
the compounds Na3R(EO4)2 become more pronounced with
increase in Ar (Table 2). For Na3R(PO4)2 with R = Tm, Yb, or
Lu, the structural type under discussion does not occur owing to
the tendency of the lanthanide cations at the end of the series to
acquire an environment comprising six oxygen atoms. The high-
temperature modifications of Na3R(PO4)2 (R = Tm-Lu)1 4 8

crystallise similarly to the NASICON structural type.73
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Figure 5. The regions of existence of the Na3R(EO4)i modifications,
where E = P (0), V (b), As (c).16
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The P-K2SO4 structural type is very common among
phosphates, silicates, arsenates, and vanadates. The existence of
a P-K2SO4 type structure with and without vacancies gives rise
extensive possibilities for substitution in the cationic and anionic
groups without a reconstructive rearrangement of the structure.
The compositions of compounds with the P-K2SO4 structure
may include monovalent, divalent, and trivalent cations. Thus,
one may expect the formation of the silicates MRSiO4 (M = Na,
K), the phosphates MCa4(PO4)3 (M = Na, K), and other
phases. Laborious studies on phase diagrams are not needed in
this instance. For example, the existence of the compounds
NaPbPO4, NaPb4(PO4)3, AgPbPO4, and AgPb4(PO4)3 could
have been postulated also without studying the phase diagrams
for the Na3PO4-Pb3(PO4)2 and Ag3PO4-Pb3(PO4)2 system.149

Quarton et al.149 assigned the compounds MPbPO4 (M = Na,
Ag) and MPb4(PO4) which they synthesised, to the P-K2SO4 and
apatite structural types with vacancies respectively, but the unit
cell parameters of all the compounds synthesised do not differ
from the analogous parameters for potassium sulfate.
Apparently the assignment of the compounds MPb4(PO4)3
to the apatite and not the P-K2SO4 structural type should be
regarded as erroneous, since, in view of the lack of MPb4(PC>4)3

single crystals, it was impossible to carry out a full X-ray
diffraction study of these compounds.

As mentioned above, the P-K2SO4 structural type is stable
for the compounds in which heterotypical cations (two or more)
have similar radii. Such a structure obtains for the compounds
Na3R(PO4)2 (R = La-Ho) , 1 3 1 4 CaNaPO4,18 and KBaPO4.17

With increase in the difference between the radii of heterotypical
cations, the glaserite-like structure, of the kind occurring, for
example, in BaNaPO4 (see Ref. 134) and KNaSO4,' or the
olivine structure, as in NaMnPC>4 (see Ref. 150) and NaB"PO4
(B11 = Co, Fe, Mn, Gd),151 becomes more stable. The features
noted above, must be taken into account in modelling the
compounds within the framework of the P-K2SO4 structural
type.

3. The bredigite structural type
In the analysis of the structures of various modifications of
Na3R(EC>4)2, there are difficulties in the assignment of the
compounds to the P-E2SO4 or glaserite structural types. This
applies particularly to compounds with large unit cells (Table 2).
In such compounds, the tetrahedra have appreciably rotated
away compared with the ideal arrangement. Some of them
occupy, as it were, an intermediate position between their
positions in glaserite and P-K2SO4. For an appropriate selection
of the cations, one can apparently expect the formation of a
phase with a 'mixed' (glaserite and P-K2SO4) arrangement of the
tetrahedra. The compositions of such compounds should include
small (<0.8A), medium (~1A), and large (>1.2A) cations.

Analysis of the literature data showed that such a compound
does indeed exist and its composition corresponds to the general
formula (Ca, Ba, Mn)Cai3Mg2(SiO4)8 (the mineral bredigite).
The crystal structure of Ca26.9Bao.6Mg3.6Mno.9(Si04)i6 has been
determined (space group Pmch, a =10.909 A, b = 18.34A,
c = 6.739 A, Z = 2).1*4 The projections of the ideal and real
structures of bredigite are presented in Fig. 6. This structure is
made up of type A and C columns, as in P-K2SO4 and glaserite
discussed above. The ideal crystal-chemical formula of the
bredigite structural type, i.e. X [ 1 2 1X2

9 ]Y!,1 0 1M | 6 1(EO4)4 includes
the polyhedra of the glaserite and P-K2SO4 structures in
proportions of 1:2.

In the Ca26.9Bao.6Mg3.6Mno.9(Si04)i6 structure, there are two
set of independent sites, two sites in each set, namely X'12' and
X'9) in one set and Y'10! and M'6' in the other. The cations are
distributed among the sites in the following manner:44 X(l) =
0.707Ca2 + + 0.293Ba2 + ; M(l) = 0.93Mg2+ + 0.07Mn2 + ;
Y(l) = 0.88Ca2+ + 0.12Mg2 + . The remaining sites are
occupied by calcium cations. Owing to the rotations of the
tetrahedra (Fig. 6), in the real structure the coordination

Figure 6. Projections of the bredigite structure on to the xy plane. Ideal
(a) and real (b) arrangements.44

numbers of the sites are smaller than in the ideal structure.
However, when account is taken of the longer distances, they
correspond to the coordination numbers of the sites in the ideal
structure.

It has been established that the bredigite structure occurs
also for the solid solutions in the range (Cai.8Mgo.2)Si04-
(Cai.7Mgo.3)Si04.19-152 If the formulae of the compounds
(Cai.8Mgo.2)Si04

19 and (Cai.7Mgo.3)Si04 (see Ref. 152) are
adjusted to the composition reflecting the ideal crystal-chemical
formula, they become Ca7.2Mg0.8(SiO4)4 and Ca6.8Mgi.2(SiO4)4.
In the solid solutions between these phases, the M[61 site and one
of the Y'9' sites are statistically occupied by magnesium and
calcium cations. The remaining sites, X[l21 and Yl10', are
occupied by calcium cations only. The compound Ca7Mg(SiO4)4
corresponds to the ideal formula of the bredigite structure
(without a statistical occupation of the sites).

When account is taken of the dimensions of the X, Y, and M
polyhedra, one may expect the formation of the compound
BaCa6Mg(SiC>4)4, in which the cations occupy the following
sites: Xl'2J by Ba2 + , Yl10! and X ^ by Ca2 + , and M ^ by Mg2 + .
Apparently the ideal structure is not produced in this case. In
order to obtain the ideal structure of the bredigite type, it is
more likely to be useful to employ the compounds K3R(PO4)2

(the compounds with R = Sc or Lu have the ideal glaserite
structure)5-6 and KBaPO4 (with a structure of the P-K2SO4
type)7 or BaNaPO4 (glaserite structural type)134 and KBaPO4

(type P-K2SO4 structure).17 In this case, one may expect the
formation of the Ba2K5R(PO4)4 (R = Lu, Sc) and
Ba4K2Na2(PO4)4 phases respectively. In the latter compound,
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the second sodium cation may occupy one of the Y sites
together with Ba, as in the case of BaNaPO4.134

The modelling of the phases based on the bredigite structure
examined above is important for the synthesis of compounds
with the required physicochemical properties. Firstly, the
combination of two structures with different coordination
polyhedra into one structure makes it possible to introduce
various cations into a lattice of this kind. The problem of the
synthesis of multifunctional materials is thus solved. Secondly,
the successive alternation of polyhedra of different structures
makes it possible to increase the distances between like cations,
preventing thereby their interaction, which may improve the
physicochemical characteristics of the materials. The latter is
important in the synthesis of phosphors and diamagnetic
materials with cations having magnetic properties.

4. The palmierite K2Pb(SO4)2 structural type
In contrast to a-Ca3(PO4)2 (P-K2SO4 structural type), the
phosphates of divalent elements with large radii, namely
M3(PO4)2 (M = Sr, Ba, Pb),26153 Pb4(PO4)2CrO4,154 and also
the molybdate K2Pb(MoO4)155 crystallise in the structural type
corresponding to the natural mineral palmierite K2Pb(SO4)2.

23

Barium and strontium vanadates and arsenates also belong to
this structural type.25"27

In the K2Pb(SO4)2 structure, the potassium cation occupies
the YOjo decahedron, while the lead cation occupies the XOi2

dodecahedron. The XOi2 coordination polyhedron is formed by
the edges of six tetrahedra (Fig. 3 a). The X —O distances are
divided into two types: six short distances (2.83-2.85 A) form
an appreciably extended (along the 3 axis) trigonal antiprism,
while six long ones (3.4-3.5 A to the apical oxygen atoms) are
located in the equatorial plane of the antiprism. The symmetry
of this polyhedron is 32/m. XOi2 is adjoined below and above
(along the 3 axis) by two YOio polyhedra (Fig. 7). They have
triangular faces in common with the antiprism. The YOio
polyhedron is formed by three edges of three tetrahedra
(equatorial plane), three oxygen atoms in three other tetrahedra
(at distances of ~3A), and one (apical) oxygen atom on the
threefold axis (Figs 3 b and 7).

Overall, the palmierite structure is made up of
. . . - Y O i o - X O i 2 - Y O i o - E 0 4 - E 0 4 - . . . columns and its
crystal-chemical formula is XI12]Y2

l01(EO4)2. The Sr2+, Ba2 + ,
and Pb3 + ions occupy the large XOi2 and YOio polyhedra.

At first sight, the existence of the double molybdates
M5R(MoO4)4 (M = K, Rb; R = rare earth, Bi, Y, Al, Fe),
crystallising in the palmierite structural type, appears unusual.
Such compounds have been found in the study of the
M2MoO4-R2(MoO4)3 systems.28'29 It follows from crystal-
chemical data that the X sites may be occupied also by small
cations. To a first approximation, their coordination number is
then six (the nearest six oxygen atoms). As a result of the ease of
the rotation of the tetrahedra, coordination numbers different
from those in the ideal structure may occur in the palmierite-like
structure. For example, the phase transition in Pb3(PO4)2 is
accompanied by an increase in the symmetry from monoclinic to
trigonal at 473 K.154

The mobility of the tetrahedra in the palmierite-like
structure promotes the formation of coordination polyhedra
characteristic of the given trivalent cation. For this reason, the
compounds MsR(MoO4)4 are formed for the entire series of
lanthanide, bismuth, iron, and aluminum cations.2 8"3 2 1 5 5 1 6 1

Analogous tungstates are formed only for M = K or Rb and
R = Bi, La, or In.152"165 An intrinsic distortion of the ideal
palmierite structure, precisely characteristic of the given
compound, occurs in each case (Table 3).

With the aid of the crystal-chemical formula
X[6+6]YP+11(EO4)2 and the characteristics of the environment
of the X site, one may predict the compositions of the
MsR(MoO4)4 phases, bypassing the laborious investigation of
phase diagrams. Taking into account the fact that palmierite-
like structures include large and small cations or only large
cations, one may expect that isovalent or heterovalent
substitutions would entail the formation of the following phases:
M4NaR(MoO4)4 (M' = K, Rb); SrBa2(PO4)2; BaSr2(PO4)2;
M'MR(PO4)2 (M' = K, Rb; M = Sr, Ba; R = Ln, Y, Bi, Fe, Al);
M2R(SiO4)2 (M = Sr, Ba; R = Ce, Zr, Hf); M2RPO4SiO4

(M = Sr, Ba; R = Ln, Fe, Al, Bi, Y); M'MRPO4SiO4 (M' = Sr,
Ba; M = K, Rb; R = Ce, Zr, Hf). A series of compounds having
similar compositions and structures had been synthesised earlier,
for example, Sr4(PO4)2CrO4,166 Ba3(TaO4)2,167 M'2M(EO4)2

4.27

O— K(y = {);

• — K (y = 0);

© —(K + Sm)

® —(K + Sm)
(y= 0)

A—y = 0

Figure 7. Projection of the structure of palmierite K5Sm(MoC>4)4 on to the xy plane: (a) 0.10 =S z =£ 0.44, (b) xz.156
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Table 3. X-Ray diffraction characteristics of certain palmierite-like phases.

Compound a/A A/A c/A Angle /°

a (3 Y

Space group

297

Ref.

K.2Pb(SO4)2
a

K2Pb(MoO4)2
a

Sr3(PO4)2
a

Ba3(PO4)2
a

Sr3(VO4)2

Ba3(VO4)2
a

Sr3(AsO4)2

Ba3(AsO4)2
a-Pb3(PO4)2

a

P-Pb3(PO4)2
a

K5Nd(MoO4)4
a

a-K5Y(MoO4)4
a

P-K5Y(MoO4)4

<x-K5In(MoO4)4

P-K5In(MoO4)4
a

K5Bi(MoO4)4
a

Rb5Gd(MoO4)4
a

a-Rb5Al(MoO4)4
a

p-Rb5Er(Mo04)4

K5Sm(MoO4)4
a

5.50
10.38
5.621
5.783
5.621
5.762
5.581
5.753
5.53

13.816
10.360
10.453
10.478
10.30
10.46
6.019

10.604
10.520
11.44
5.978

11 The crystal structure has been determined.

5.50
7.81
5.621
5.783
5.621
5.762
5.581
5.753
5.53
5.692

17.943
10.453
6.034

18.21
12.092
6.019

18.349
6.078
7.99
5.978

20.863
11.98
20.14
21.34
20.14
21.29
19.98
21.18
20.30
9.429

14.301
41.04

7.736
14.99
14.625
41.761
14.725
8.470

11.19
20.79

M8Th(MoO4)6,

115.9

90.97

90.11

102.4
103.98

118.0
106.61
114.0

104.41
114.5
113.0

89.58

89.99

R3m
P2
R3m
R3m
R3m
R3m
R3m
R3m
R3m
C2c
P2/m
R3m
C2/m
P\
Aa
P3\m
P\
Cc
P2/c
R3m

23
155
26
26
27
27
27
27
154
154
32
157
159
158
158
32
32
161
160
156

(E = S, Cr),168-170 K5R(SO4)4 (R = Ln),1

and K3(MoO4)(ReO4).173

In the case of both palmierite and other structural types, an
important factor in the prediction of such phases is the
estimation of their crystal lattice energies. An estimate of this
kind can be achieved provided that the coordinates and the
'effective' charges of the atoms are known.

5. The NASICON structural type
The NASICON structural type occurs for cations with small
radii (Sc3 + , Fe3 + , Cr3 + , V3 + , Mg2 + , Zr4 + , Ti4 + , Nb 4 + , Nb5 + )
accommodated in the (ROe) octahedra. A three-dimensional
skeletal composition made up of RC>6 octahedra, sharing their
vertices with the EO4 tetrahedra, is characteristic of structures
of this class (Fig. 8). A framework of this kind was first
described by Abrahams and Bernstein.174 Subsequently, as the
structures of other representatives of this family were
determined, the characteristic features of its structure were
refined.33"4162-68 '73-95 At present, there are more than 400
publications on the structures and properties of compounds of
this class. Many of them are devoted to the elucidation of the
mechanism of ionic conduction on the basis of crystal-chemical
data.

The formula MnR2(EO4)3, where 0 ^ « ^ 4 , describes all the
possible compounds with the NASICON structure.41 The
NASICON-like phases are based on the three-dimensional
framework {[R2(EO4)3F-}3oo where E = P, Si, S, Mo, As, W,
Se, or Ge. The sodium cation is usually employed as the
vacancy-filling cation (M), but it can be replaced by Li+ and
Cu+ or by Cu2 + , Ca2 + , Sr2 + , and Ba2+ .

The structural framework is threaded by channels of two
types, / and //, along the c axis of the unit cell (Fig. 8). The
zigzag network of type / / / channels passes at right angles to
them along the [010] direction. Channels ///intersect channels /
and //, forming a three-dimensional cavity framework. The
channels have variable widths, the cross-sections of the
narrowest sites being 1.0A for type /channels, 1.1 A for type / /
channels, and 0.9 A for type / / / channels. Cations with radii of
1.2- 1.4 A can be placed in the wide spaces within the channels
(at the intersection of channels / with channels / / / and of
channels / / with channels III). In the above cavities, it was
possible to differentiate two sites — M(l) and M(2) (Fig. 9).

If the space group R3c is adopted as the basis (the highest
symmetry for the compounds under discussion), then in this case
the sixfold M(l) site is an extended antiprism with distances of
~2.6A to the nearest six oxygen atoms (the other six oxygen
atoms are separated by long distances of ~3.7 A). The eightfold
M(2) site is surrounded by eight oxygen atoms at distances of
~ 2.47-2.89 A and two oxygen atoms at distances of ~3.25 A.

It follows from the analysis of the cross-sections of the
channels that a cation with a radius of ~ 1 A (for example, Na)
can migrate through them. During the migration of sodium
cations from the M(l) site to the M(2) site, the narrowest places
are at the A - B - C and A - B - D faces (Fig. 9 b)}15 When
account is taken of the thermal displacements of the oxygen

Figure 8. The framework of the Sc2(MoO4)3 structure.41
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0.26

0.09

0.24

4.30

Figure 9. The NASICON structural type: (a) surroundings of the M(l)
and M(2) sites; (b) the free space bounded by the common faces of the
M(1)O6 and M(2)O8 polyhedra in the a-Na3Sc2(PO4)3 structure.175

atoms, particularly with increase in temperature, the sodium
cations (rvi = 1.02 A) can migrate from one site to the other
without any obstacles. This fact is indeed the reason for the
appearance of superionic conduction in compounds of this
class.33-38-65'66 The mobility of sodium cations has been
confirmed experimentally by the distribution of their electron
density within the conduction channels observed even at 60 °C
in a-Na3Sc2(PO4)3 (Fig. 10).67

It follows from the analysis of the number of polyhedra and
their surroundings that the crystal-chemical formula of the
NASICON structural type is M(l)|61M(2)f1R^1(EO4)3. A
necessary condition for the occurrence of the structural type
under discussion is the small size (<0.8A) of the cations R.
Their valence should be in the range 2^p^5. Phases with
valences of 2 and 5 have not been described in the literature.

C

Na(2)

Figure 10. Distribution of the electron density of the sodium atoms in the
conduction channels of the a-Na3Sc2(PO4)3 structure (60 °C).67

However, phases with 'formal' valences of 2.5 (2R =
Cr3+ +Mg 2 + )37 and 4.5 (2R = Nb 5 + + Ti4 +)3 4 are known.
The additional atoms M can be accommodated at the M(l) and
M(2) sites. Structures with fully occupied M(l) and M(2) sites
[Na4Zr2(EO4)3 (E = Si, Ge);39-40 Na4.5Ri.5(PO4)3 or
Na3R(PO4)2 (R = Tm, Yb, Lu)148], structures in which only
the M(l) sites are occupied [NaR2(PO4)3, R = Ti, Zr)62-73],
structures in which only the M(2) sites are occupied (jointly with
the vacancies) [Cu'Ti2(PO4)3 (see Ref.95) and the low-
temperature Na3Sc2(PO4)3 (see Ref. 68)], structures with a
statistical occupation of the M(l) and M(2) sites (jointly with
the vacancies) [the high-temperature Na3Sc2(PO4)3 (see Ref. 67)],
and structures with fully vacant M(l) and M(2) sites [R2(EO4)3

(R = Sc, Fe; E = Mo, S),41-176-178 MM'(PO4)3 (M = Mo, Nb;
M' = Ti, Zr),179 and NbTi(PO4)3 (see Ref. 34)] have been found.

Depending on the set of cations, the ideal trigonal unit cell
may be distorted to an orthorhombic or monoclinic cell.
Examples of certain compounds of the structural type under
consideration are presented in Table 4. As can be seen from the
Table 4, different distortions of the unit cell occur even for a set
of the same cations. The symmetry of the cell is appreciably
influenced by the distribution of the cations among the
structural sites. A highly symmetrical cell is characteristic of
compounds with an occupied M(l) site. In this case, an
appreciable cationic conductivity occurs at a temperature above
500 K. When the M(2) site is fully occupied, the cationic
conductivity even appears at room temperature.62

Table 4. X-Ray diffraction characteristics of certain NASICON-like phases.

Compound

Sc2(MoO4)3
a

m-Fe2(SO4)3
il

Fe2(MoO4)3
a

NaZr2(PO4)3"
KZr2(PO4)3

RbZr2(PO4)3

CsZr2(PO4)3

Na3Zr2Si2POi2"
(3-Na3Sc2(PO4)3

a

cx-Na3Sc2(PO4)3
a

Na4Zr2(SiO4)3
a

Na4Zr2(GeO4)3
a

CuTi2(PO4)3
a

Cu05Ti2(PO4)3

H0.5Cuo.5Zr2(P04)3

HZr2(PO4)3

a The crystal structure

a/A

13.242
8.29

15.7
8.80
8.71
8.66
8.62

15.128
16.10
8.927
9.10
9.429
8.523
8.84
8.84
8.80

has been determined.

ft/A

9.544
8.53
9.23
8.80
8.71
8.66
8.62
8.722
9.11
8.927
9.10
9.429
8.523
8.84
8.84
8.80

c/k

9.637
11.63
18.2
22.76
23.89
24.38
24.86
8.793
8.93

22.34
22.07
22.53
21.303
22.77
22.75
23.23

P/°

90.8
125.3

125.76
127.2

Space group

Pbcn
Pixln
P2,/n
R3c
R3c
R3c
R3c
C2/c
Bb
Ric
Rle
R3c
R3c
R3c
R3c
R3c

Ref.

41
177
176
73
181
181
181
62
68
67
39
40
95
82
96
180
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Detailed information about the structure of compounds of
the NASICON type made it possible to synthesise, with the aid
of isovalent and heterovalent substitutions in the cationic
and anionic sublattices, new superionic materials with
low temperatures of the onset of ionic conduction, for
example, Na3 + rCr2-.yMg_-(PO4)3,

37 Na1 +vZr2SixP3_vOi2,62

NbTi(PO4)3,34 Na l + xZr2_.xIn,(PO4)3,72 HZr2(PO4)3,180

CuoI
5Ti2(P04)3,82 Na2lxM2XSc2-2.v(MoO4)3 (M = Zn, Cd,

Mg),90 Cu'Zr^PO*,):),93 H0.5Cuo.5Zr2(P04)3,
96 and many others.

It follows from the data presented above that the
NASICON structural type is based on the {[R2(EO4)3f-}3a,
three-dimensional framework. Other atoms can be introduced
into such a framework by means of substitution or insertion
with formation of new phases. A framework of a similar kind
has been encountered also in compounds of other classes
belonging to the garnet Ca3Zr2(Si,AlOi2)

42 and langbeinite
K2Mg2(SO4)3 (see Ref. 182) structural types. The crystal-
chemical analysis of the {[R2(EO4)3]

/>~}3=C framework for these
structural types has been described in detail.183

6. The whitlockite structural type
The low-temperature P-modification of calcium orthophosphate
is isostructural with the natural mineral whitlockite (R3c, Z = 3)
CaiS.i9Mgi.i7Feo.83Hi.62(P04)i4.

46 Projections of this
p-Ca3(PO4)2 structure with the highest information content
are presented in Fig. 11. This structure is made up of isolated
EO4~ tetrahedra, which bind the MOM polyhedra into a three-
dimensional framework via common vertices. Along the c axis in
the structure, it is possible to differentiate two types of
columns — A and B. In the type B column, the MOg polyhedra,
containing calcium cations at the M(l), M(2), and M(3) sites
and two tetrahedra alternate consecutively [M(1)O8 — M(3)Os —
M(2)O 8 -PO 4 -PO 4 - . . . ] . The type A column (along the 3 axis)
consists of a sequence of polyhedra and cavities ... —PO4 —
M(4)Oi5-M(5)06-M(6)Oio-. . . (Fig. 12). The M(4) site in
this column is vacant or partly occupied, while the M(6) site is
always vacant.

The unit cell of P-Ca3(PO4)2 contains 21 formula units.99

In conformity with the stoichiometric formula of the compound,
there are 63Ca2+ cations and 42PO4~ tetrahedra per unit cell.
The R3c symmetry presupposes the occupation of 66 sites
(three 18-fold and two sixfold) by calcium cations. Consequently
three cationic vacancies ( • ) are present in the unit cell.

OM(1)
»M(2)
®M(3)

A @v A®

2v + x 2v + x

M(4)O,

M(5)O6

M(6)O10

Figure 11. The layers in the p-Ca3(PO4)2 structure:
(a) layer with type B columns (j = —0.25); (b) layer with type A and B
columns (v = 0).103

2y + x

Figure 12. Fragment of a type B column in the Ca9Fe(PO4)7 structure.
Certain interatomic distances are indicated.109

The composition of the unit cell is reflected by the formula
Ca3n3(PO4)42 (Z = 1) and its crystal-chemical analogue
Ca(l)l

1
8lCa(2)[

1^Ca(3)l
1
8
8
1Ca(4)l91n(4)flCa(5)i61(PO4)42 where Q is

a vacancy at the M(4) site. Having differentiated the calcium
atoms with similar environments at the 18-fold M(l), M(2), and
M(3) sites, we obtain the formula Ca54Ca6Ca3D3(PO4)42

(Z = 1) or, in an abbreviated form Ca9CaCao5Dos(P04)7

(Z = 6).

The M(4) site is half-filled by calcium cations in p-
Ca3(PO4)2-99 It is not structure-forming and theoretically may be
both entirely free (6Q) o r fully occupied (6M). The boundary
conditions (number of vacancies) make it possible to model
phases with specified compositions.

The postulated compositions of the new compounds have
been calculated taking into account the heterovalent
substitutions of the Ca2+ cations by M + , R3 + , and
R4+_ loo-106.108, no Different substitution schemes with
formation or population of vacancies were used for the
modelling of the compositions of the compounds:

(1) 9Ca2 + + 3 D = 6 R 3 + + 6 n , Ca3(PO4)2-RPO4 section,
limiting composition Ca9RD(PO4)7 (Z = 6);100-'03-108

(2) 3Ca2+ + 3 D = 6M + , Ca3(PO4)2-M3PO4 section,
limiting composition Ca,oM(P04)7 (M = Si, Na, K,104 Cu105)
(Z = 6); (3) 9Ca2+ + 3Q = 6Mg2+ + 6M + , limiting composi-
tion Ca9MgM(PO4)7 (M = Li, Na, K) (Z = 6);106

(4) 9Ca2+ + 3Q = 3R3+ + 9Na + , Ca3(PO4)2-Na3R(PO4)2

section, limiting composition Ci8Na3R(PO4)i4 (Z = 3);107-184-185

(5) 6Ca2+ + 3D = 3R4+ + 6rj , Ca3(PO4)2-R3(PO4)4

section, limiting composition Cai9RD2(PO4)i4 (R = Ce)
(Z = 3).108
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Variable-composition phases with whitlockite-like structures
are formed between Ca3(PO4)2 and the limiting composi-
tions.101- 103-104-107-108-160'161 This predetermines the existence of
phases within the Ca3(P04)2-CaioNa(P04)7-Cai8Na3R.
.(PO4)i4-Ca9Rn(PO4)7 tetragon.107

It follows from the analysis of the interatomic distances in
the polyhedra of the whitlockite-type structure that the
lanthanide elements should occupy the M(l)-M(3) sites, whilst
the cations with r<0.8A should occupy the octahedral M(5)
site.110 There is sufficient space within the M(4)Ois cavity to
accommodate cations with a radius of ~ 1.5 A (Na, K) but not
enough to accommodate rubidium and caesium cations
(Fig. 12). The Na and K cations can occupy different sites
along the threefold axis in the M(4)Ois cavity which are
restricted by the distances to the 0(12) and 0(33) oxygen atoms.

The choice of the most suitable distribution of cations
among the structural sites in the model compounds has been
made taking into account the calculated Madelung constants.186

Trivalent and tetravalent cations are most probably
accommodated at the M(l) and M(2) sites, while monovalent
cations are at the M(4) sites. Subsequent studies on the
structures of Cai0Na(PO4)7,104 Ca9Fe(PO4)7,109t and
Ca9Eu(PO4)7 (see Refsl88,189) confirmed these calculations.

It is noteworthy that, in contrast to the glaserite, palmierite,
P-K2SO4, and NASICON structural types examined above, the
whitlockite-like crystal structure is not distorted after the
insertion or substitution of cations in it (Table 5). The
architecture of the whitlockite-type structure remains unchanged
after the introduction into the lattice of cations having different
dimensions and oxidation states. The stability of this structure
predetermines the occurrence of reversible redox reactions
without the destruction of the structure.108"110

Together with substitutions in the cationic lattice of a
whitlockite-like structure, one can achieve substitution also in
the anionic component, for example in accordance with the
scheme

Table 5. X-Ray diffraction characteristics of certain whitlockite-like phases
(space group Ric).

Ca2 R3+

with retention of the number of vacancies, or in accordance with
the scheme

PO4" + Ca2+ 2D = 3M+

with occupation of the vacancies in the structure. For trivalent
cations with r<0.8A, the formula describing the limiting
composition with six cations at the M(5) site is
Cai9R2(PO4)i2(SiO4)2, whilst for cations with r>0.8A the
formula is Ca7R4(SiO4)i4; intermediate compounds have the
compositions Cai5R6(PO4)8(SiO4)6 and Ca9Ri2(PO4)2(SiO4)i2
with full occupation of one or two 18-fold sites by the cations of
the trivalent element. The limiting composition of compounds
with a small trivalent cation (R') at the M(5) site and a large
cation (R) at the M(l)-M(3) sites is described by the formula
Ca4R2Ri4(SiO4)i4. In this case, when the M(5) site is occupied
by the Mg2+ cation, the limiting composition is
Ca5Mg2Ri4(SiO4)i4. The possibility of the existence of silicates
and silicophosphates with a whitlockite-type structure is
confirmed indirectly by the mineral cerite (Ce, La, Nd, Ca)9(Fe,
Mg, Al)(SiO4)6(SiO3OH)(OH)3,187 which is isostructural with
whitlockite.

Thus the data on the whitlockite structural type made it
possible to calculate theoretically for the first time a wide range
corresponding to the existence of variable-composition phases in
the Ca3(PO4)2-Na3PO4-RPO4 ternary system107 and the
compositions of the individual compounds. This region is
located within the Ca3(P04)2-CaioNa(P04)7-Cai8Na3R.
.(PO4)i4-Ca9RD(PO4)7 tetragon.

t The full structural data have been published by B I Lazoryak,
V A Morozov, A A Belik, S S Krasnov, V Sh Shekhtman. J.Solid State
Chem.,121, 1(1966).

Compound

Cai8.l9(Mgi.i7Feo.83)Hl.62(P04)l4
a

p-Ca3(PO4)2
il

Ca3(AsO4)2
a

Ca3(VO4)2
a

CaiSMg2H2(PO4)i4
a

Cai8Mn2H2(PO4)i4a

Ca20.23Mg0.77(PO4),4
a

Cai8.97Mg2.03(PO4)l4a

(Ce,La,Nd,Ca)9(Fem,Mg,Al) x
x (SiO4)6(SiO3OH)(OH)3

Ca9Fe(PO4)7"

Ca9FeH0.9(PO4)7
a

Ca9La(PC>4)7
Cai0Cu(PO4)7

Ca,0Li(PO4)7

Ca,oNa(P04)7

Ca10K(PO4)7
Ca9MgLi(PO4)7

Ca9MgNa(PO4)7

Ca9MgK(PO4)7

Ca]8Na3Fe(PO4)i4

Cai8Na3Nd(PO4)14

Ca,9Cu2(PO4)i4
Cai9Cu2H2(PO4)i4

a/A

10.330
10.439
10.77
10.809
10.350
10.438
10.401
10.337

10.779
10.3391
10.354
10.492
10.442
10.421
10.442
10.471
10.321
10.346
10.398
10.373
10.458
10.3638
10.3982

a The crystal structure has been determined

c/k

37.103
37.375
37.81
38.028
37.085
37.15
37.316
37.068

38.061
37.130
37.165
38.55
37.39
37.38
37.31
37.29
37.06
37.04
36.96
37.18
37.39
37.219
37.298

Ref.

46
99
190
191
192
193
194
194

187
109
109
101
105
104
104
104
106
106
106
107
107
110
110

IV. The structures and physicochemical properties
of the materials
In the search for new or improved known materials with
specified properties, synthetic chemists must either estimate
theoretically or postulate the properties which the newly formed
compounds will have. Known prototypes are most often used
for such purposes and more rarely, data on the structure of the
solid material. Certain possibilities for the prediction of
properties on the basis of crystal-chemical data will be
considered in this section. We shall deal with certain approaches
to the solution of problems of this kind.

Since the 1960s, a vigorous search for laser materials and
phosphors has been prosecuted. Some of them have found
applications in engineering. One of the most important
characteristics of such materials is the lifetime (T) of the excited
state and the quantum yield. These two characteristics are inter-
related. An increase in the concentration of the activator in the
matrix is usually accompanied by a decrease in the lifetime and
an increase in trie quantum yield. According to the data of Hong
and Chinn,7 the optimum ratio of these parameters is observed
for materials containing isolated NdO.,: polyhedra, which
prevent the Nd —Nd interaction and hence the concentration-
induced quenching, and in which the polyhedron surrounding
Nd3+ has no centre of inversion, since the intensity of the
emission is largely associated with electric dipole transitions.

In laser materials with a high Nd3 + concentration
(>1021 cm"3, when the condition of iocalness' does not
hold),195 the Nd3 + - N d 3 + distances are 4.65-6.66 A. As can be
seen from the data presented in Table 6, the lifetime of the
metastable levels for isostructural compounds, for example for
M5B(MoO4)4, increases with increasing Nd3 + — Nd3 + distance.
However, such a dependence cannot be traced for the entire
series of compounds presented in Table 6 because the symmetry
of the surroundings of the activator ion changes in these phases.
Thus the Nd3+ - N d 3 + distances in the K3Nd(PO4)2 (see Ref. 7)
and Na3Nd(PO4)2 (see Ref. 13) structures, based on P-K2SO4,
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Table 6. The lifetimes of the excited state (x) and the Nd —Nd distances in
certain laser materials.

Compound

NdPsOu
KNdP4Oi2

LiNdP4Oi2

Na5Nd(WO4)4

K5Nd(Mo04)4

Rb5Nd(MoO4)4

K3Nd(PO4)2
Al3Nd(BO3)4

Na3Nd(PO4)2

^Nd-Nd/A

5.194
6.661
5.62
6.45
5.98
6.08
4.873
5.917
4.65

i/usa

max

115
100
135
85
70
79
21
19
seeb

min

320
275
325
220
290
350
460
50
seeb

Ref.

196
197
198
196
199
199
7
200
13

"The values x for the maximum (max) and minimum (min) Nd3 +

concentrations are quoted; b the lifetime of the metastable level has not
been quoted l3 for Na3Nd(PO4>2.

differ little (Table 6) and the lifetime of the metastable
Na3Nd(PO4)2 level is probably the same as for K3Nd(PO4)2.

Crystal-chemical analysis makes it possible to estimate the
laser characteristics of the compounds postulated. The structural
type of bredigite, the structure of which contains fragments of
the glaserite and P-K2SO4 structural types, should be promising
in this connection. The insertion of glaserite columns between
type P-K2SO4 columns would increase the Nd3+—Nd3 +

distance by a factor of 2 and the latter, would amount to 9 A on
average. The neodymium concentration would diminish by a
factor of 2 and would be 2x 1021 cm~3 [in N3Nd(PO4)2, the
Nd3 + concentration is 4x l0 2 1 cm~ 3 ] . In the postulated
compound M3Na3NdR(PO4)4 (M = K, Rb; R = Lu, Sc), the
minimum distance between the Nd atoms (5.4 A) may be
achieved only in the C column (Fig. 1). The lifetime of this
compound would be ~100|xs, as for NdPsOn.196 This
conclusion is based on the fact that, as in NdPsOu, the two
neighbouring Nd polyhedra in M3Na3NdR(PO4)4 do not have a
common tetrahedron linking them and are separated by two
tetrahedra or the NaOA polyhedron.

The lifetimes of glaserite-like phases containing neodymium
atoms may be estimated similarly. For example, the compound
K2NaNd(PO4)2 [obtainable by the heterovalent substitution
K + + 2SOl~ = Nd3 + + 2POl~ in K3Na(SO4)2] may serve as a
laser material. Regardless of which of the polyhedra (X[6+61 or
Y[4+6]) is occupied by Nd3 + cations, the minimum
Nd3 +—Nd3 + distances in the postulated phase would be
determined by the X — X or Y — Y distances. These distances are
the same and amount to 5.68 A in glaserite itself. Two
neighbouring (X or Y) polyhedra in K2NaNd(PO4>2 are linked
together by an edge of the tetrahedron, as in M5Nd(MoO4)4.
These data suggest that the lifetime of the metastable level in the
compound K2NaNd(PO4)j would be of the same order of
magnitude as in MsNd(MoO4)4. It follows from the data
presented that, by using crystal-chemical ideas, it is possible to
estimate to a first approximation the characteristics of laser
materials.

In optical materials, the luminescence (lasing) line width
depends on the number of activator cations, their surroundings,
and the quality of the crystals. The smaller the difference
between the surroundings of the activator cations, the smaller
the half-width of the emission lines. Despite this, dilution is used
to diminish the concentration-induced quenching in laser
materials. For this purpose, Nd3 + cations are substituted by
La3 + , Lu3 + , Y3 + , or Bi3+ cations. The correct choice of the
diluent cation can be achieved only by taking into account
crystal-chemical data. For example, in order to reduce the
concentration-induced quenching in MsNd(MoO4)4, it is more
promising to substitute Nd3 + by La3+ and not by Y3 + , Lu3 + ,

or Bi3 + , which have surroundings in the palmierite-like matrix
different from those of Nd3 + .31

The luminescence line width of the lanthanide cation in
M5R(MoO4)4 (R = rare earth) is appreciably increased owing to
the presence of several ROV polyhedra in close proximity.32

When a second trivalent element (diluent) is introduced into
such a material, the line width increases appreciably, which
impairs the optical characteristics of the material. A similar
effect is observed also in the Na3Ndi_TR.v(PO4)2 (R3+ = Gd,
Lu, Y) solid solutions. The surroundings of Nd3 + and R3+ in
these phases are different.16

Apart from crystal-chemical data, in selecting diluent cations
it is useful to employ in certain cases other structure-sensitive
methods, for example optical data may be employed. This
extremely sensitive method makes it possible to determine the
number of active centres and the limits of existence of the phases
of two structurally similar compounds. In certain cases this
method is the only one suitable for the elucidation of the regions
of homogeneity. For example, in the study of the solid solutions
in the Na3Eu(PO4)2-K3Eu(PO4)2, Na3Gd(PO4)2-
R3Gd(PO4)2,201 NaCaPO4-Na3Eu(PO4)2, NaSrPO4-
Na3Eu(PO4)2,142 and Ca3(PO4)2-Na3R(PO4)2 (R = Nd, Eu,
Er) solid solutions,185 only the luminescence method made it
possible to discover the limits of existence of the solid solutions.
The X-ray powder diffraction analysis of a mixture of
compounds with similar structures entails a large error in this
case or altogether fails to distinguish them.

It has been established that the number of nonequivalent
Eu3+ sites in the Na3Eu(PO4)2-K3Eu(PO4) solid solutions201 is
the same as in the corresponding initial compounds. There are
six such nonequivalent sites in Na3Eu(PO4)2 and one in
E3Eu(PO4)2 (Fig. 13). It follows from the experimental
determinations of the regions of homogeneity l42-185-201 that
the substitution of cations in the crystal lattice is accompanied
by slight changes in the surroundings of the R3+ ions, which
cannot be predicted solely on the basis of crystal-chemical data
or be determined by X-ray diffraction.

Analysis of the geometry of the polyhedra and of their
relative positions in the P-K2SO4 and glaserite structures made it
possible to postulate initially the composition and then also to
synthesise effective phosphors with lanthanide ele-
ments 141.202-206 characterised by a long lifetime and a high
luminescence intensity. In the search for such materials, various
structural types were considered and the compositions of the
compounds were modelled within the framework of a single
structural type. For example, the introduction of Ce3+ and
Tb3 + cations into a type P-K2SO4 matrix increased the quantum
yield as a result of energy transfer from Ce3+ to Tb3 + .203~205

The ability of the tetrahedra to rotate readily, noted in the
P-K2SO4 structural type, and the occurrence of low-temperature
phase transitions in compounds of this type have been used by
Elouadi et al.207 to predict the possible ferroelectric and
piezoelectric transitions in the compounds MM'PO4 (M = Na + ,
K + ; M' = Ca2 + , Zn2 + , Sr2 + , Ba2 + , Pb2^). It has been
established experimentally that such transitions occur in the
temperature range 585-1470K.207

In a study of the structure of the low-temperature
modification of Na3Sc2(PO4)3, it has been found 68 that sodium
occupies two close sites in the M(2) polyhedron with an
'effective' distance of 1.28 A. The occupations of these sites
differ by a factor of 1.7. Such non equivalence of the site
occupations in the M(2) polyhedron is equivalent to the
existence in the structure of a system of uncompensated
dipoles,68 the presence of which suggests ferroelectric properties
[it has been established experimentally 66 that a-Na3Sc2(PC>4)3 is
a ferroelectric substance up to 333 K].
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/a.u.

578.8 579.6 X/nm 578.8 579.6 X/nm

Figure 13. Luminescence spectra of Eu3+ in the region of the transition
sOo -» 7F0 in Na3-.vKvEu(PO4)2: (a) x = 0; (6) x = 0.15; (c) x = 0.4;
{d) x = 0.6; (e) x = 1 ;(/")*= 1.5; (?) x = 3.201

V. Conclusion
It follows from the data presented in this review that crystal
chemistry constitutes an effective instrument for the modelling
of the compositions of new compounds with a specified
structure, for the prediction of new materials with specified
properties, for the modification and improvement of the
properties of materials, and for the correct interpretation of
experimental data concerning the regions of existence of the
initial phases and their polymorphic transitions.

Furthermore, reliable information about the structure of a
solid makes it possible to estimate the crystal lattice energies of
known and model phases, to establish the symmetry and the
coordination environment of the cations in the compounds, to
determine the geometrical characteristics of the polyhedra in the
structure and their relative positions, to determine or estimate
the cation-cation and cation-anion distances in the model
phases, to introduce chemical elements with different
dimensions and oxidation states into the crystal lattice of
the structure in order to obtain materials with the required
properties, and to deform the structure in order to improve the
properties or obtain materials with unusual properties (for
example, oxide superconductors).

However, at the present time crystal-chemical data are used
effectively only for the interpretation of experimental data and
to only a very slight extent (excluding the search for
superconducting materials) for the prediction of the
compositions of materials and their properties. The reason

for this is the lack of a well-founded algorithm for the
application of the crystal-chemical data accumulated hitherto
(due to the fact that the relevant studies have been shared
between synthetic and structural chemists).

At the present time, problems in materials science are mainly
considered from the composition-structure-property stand-
point. Such a scheme includes the following components:
(1) empirical search for the compound; (2) the study of its
structure; (3) the study of its properties. On the other hand, the
structure-property-composition scheme proposed in the
present review includes the following components: (1) analysis
of the structures of the compounds or classes of compounds;
(2) prediction of the possible properties; (3) prediction of the
compositions of the compounds with the necessary properties;
(4) synthesis of the predicted compounds; (5) test of the
properties; (6) refinement of the structure (if necessary). At the
present level of development of solid state chemistry and
information science, this approach is quite realistic. It makes it
possible to shorten the time required to search for the necessary
compositions of the compounds or phases and also to reduce the
extent to which the equipment is used and to diminish the
expenditure on the search stages. The structures of a large
number of inorganic compounds have now been established;
there exists a data bank for the structures of many inorganic
phases; the radii of the cations in fluoride and oxide phases have
been determined fairly reliably.47'48

On the basis of the crystal-chemical analysis of structures
belonging to different structural types and containing
tetrahedral anions described above, the following algorithm
may be proposed for the search for compounds with specified
structures and properties.

1. Determination of the projections, layers, or fragments of
the structure with the greatest information content for the
differentiation of the occupied and free polyhedra and channels.

2. Analysis of the symmetry and the geometrical
characteristics of the differentiated polyhedra in the structure
(structural types) in order to introduce into the latter new
cations by means of isovalent or heterovalent substitution.

3. Establishment of a general crystal-chemical formula
taking into account the occupied, free, and partly occupied sites.

4. Modelling of the compositions of the possible compounds
by means of isovalent or heterovalent substitutions in the
cationic or anionic sublattice taking into account the formal
valences and dimensions of the atoms and polyhedra.

5. Comparison of blocks of different structural types in
order to achieve their arrangement for the formation of a new
structural type (made up of two or several fragments of different
structural types) in which the distances between the cations are
specified.

6. Estimation of the crystal lattice energy change following
the introduction of additional atoms into the basic structure or
structural type.

7. Prediction and estimation of the possible properties taking
into account the characteristics of the structure.

Depending on the tasks faced by the synthetic chemist, some
of the items may be omitted or they may change places, but
items 1-4 and 7 are in all cases fundamental for the specific
design of new compounds based on crystal-chemical data.

Only one of the possible aspects of the construction of
compounds (geometrical and spatial factors) has been
considered in the present review. Problems concerning the
distortion of crystal lattices, the changes in symmetry, the
distribution of cations and electron density in the structure,
energetic aspects, and others have been considered only
occasionally, mainly for the understanding of the transition
from the model to a specific compound. There is no doubt that,
in the solution of a problem as complex as the modelling of the
compositions, structures, and properties of new phases, many
approaches exist which have not been mentioned in this review,
for example the methods of energetic crystal chemistry.208
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Abstract. Data on the tautomerism of five-membered heterocyclic
thiols and its effect on the behaviour of these compounds in
different chemical reactions are surveyed. The bibliography
includes 113 references.

I. Introduction
The tautomerism possible in heterocyclic thiols imparts a
considerable diversity to their properties compared with those
of aromatic thiols. Consequently, the investigation of the effect of
tautomerism on the mechanism of the reactions of these
compounds is interesting. In the present review, we attempted
to combine the results of spectroscopic studies with selected data
on the reactivity of five-membered heterocyclic thiols, namely, data
directly concerned with the tautomeric nature of the latter. It is to
be noted that there is a series of reviews and general monographs
on the tautomerism itself,1 as well as on the chemistry of certain
classes of heterocyclic compounds,27 which to a certain extent
deal with the problems under consideration. However, new
experimental data have been published recently and need to be
surveyed. The new data have served as a basis for the consideration
of particular types of thiols in this review.

II. Furan-, thiophene- and selenophene-thiols
Unlike the hydroxy derivatives that mostly occur as oxo-forms,
furan- and thiophene-thiols exist, according to all spectroscopic
and other physicochemical characteristics, as mercapto-com-
pounds.5-6-812 The only report13 that 2-mercaptoselenophene
occurs in the thione form has been disproved.14
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At the same time, the tautomeric nature of these compounds
was never doubted. Besides the thione structure of mercapto-
aldimines (see the review of Litvinov et al.15) and the ketonic
structure of the corresponding heterocyclic hydroxy derivatives
(see, for example, Gronovitz's review16), the most important
evidence for the tautomeric nature of heterocyclic thiols was the
extreme lability of the thiols of the thiophene and, particularly, the
furan series. The corresponding selenols are even more labile.
Some of them have only recently been characterised by
spectroscopic methods.1718 A common reason for the lability
of the heterocyclic thiols and selenols proved to be associated with
their tautomerism. Analysis of the auto-transformation products
has shown these compounds to be dimers, which are most
probably formed by the addition of the chalcogenols to their own
tautomeric forms.14-16-17 - 22

X YH

X = O, S, Se; Y = S, Se

This reaction is catalysed by triethylamine and phenylhydrazine
(in the latter case, the hydrazones Y = N — NHPh of the dimeric
products are formed).

III. 5-Mercaptopyrazoles
Mercaptopyrazoles represent an unusual example of compounds
where tautomerism can be detected directly by spectroscopic
methods.23

R2

N.

R3

-SH

R2

HN

R3

R.

R',R2 = Me, Ph; R3 = H, Me
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The equilibrium position depends strongly on the solvent. In
aprotic media, the [NH]: [SH] ratio increases with increase in the
polarity of the medium. For example, the concentration of the
NH-form of 5-mercapto-l,4-dimethyl-pyrazole in dioxane is close
to zero, inTHF it is about 5%, and in DMSO it is as high as 70%.
In alcohols, the amount of the NH-form increases with increase in
their ability to form hydrogen bonds. Depending on the nature of
the substituent in the 4-position, intramolecular hydrogen bonds
stabilise one or the other tautomer. It is the thiol form in the case
of the carbonyl group, and the thione in the case of the phenylazo
group.

H

R = H, Me, Ph

It is interesting to note that no traces of the possible third
tautomer (C—H) have been found.

Only the SH-forms of 3-mercapto-l-methyl- and 5-mercapto-l-
methyl-pyrazoles have been detected in their photoelectron spectra
in nonpolar solvents.24

IV. Imidazolethiones and l,3-oxazole-2-thiones

The 15N NMR spectra of 2-mercapto-l-methyl-imidazole indicate
that in a polar solvent (DMSO) this compound exists only in the
thioamide form, while in chloroform the presence of a small
amount (2%) of iminothiol form is observed.25-26 The additional
stabilisation of the thioamide form in DMSO is caused
presumably by formation of hydrogen bonds with the solvent.
The prevalence of the thioamide form is also corroborated by
UV,2713C NMR,28 and photoelectron spectroscopy,29 quadrupole
resonance,30 and acidity constant measurements.31 Polarographic
studies have shown that 2-mercapto-l-methylimidazole occurs in
the thione form in aqueous solution at pH<6, while at pH>6 it
forms thiolates.32

The IR spectrum of l-methylimidazole-2-thione, obtained by
Ettlinger as early as 1950,33 is identical with that of the
corresponding imidazolone; this is convincing evidence in favour
of the thione structure.34 An unexpected result was obtained by
Spanish investigators.35 According to their IR and Raman
spectroscopic data, in the crystalline phase imidazolethione
actually exists as the pure thiol. This conclusion probably
requires additional proof.

Both the sulfur and nitrogen atoms can serve as the reaction
centres in the nucleophilic addition of imidazolethiones to an
activated acetylenic bond.36-37

N

MeO2CC2=CCO2Me

- M e O H

N
H

NCCsCCR3(Me)OH

C4H8O2/LiOH

R2

R1

CR3(Me)OH

Data obtained by several investigators 29-31-38"41 have shown
that the IR spectra of a series of oxazole-2-thiones provide no
grounds for doubts about their thione nature.

An MNDO calculation also confirms that the thione form
predominates over the thiol form. The difference between the
enthalpies of formation of these two forms is 43.96 kJ mol~' when
Rl = R2 = H.42

V. Thiazole-2-thiones

The first evidence for the thione structure of thiazolethione and its
methyl derivatives was obtained by Ettlinger from IR spectra
which were indistinguishable from those of thiazolones.33 These
data were confirmed in later studies.29-31-35-43~46 Sheinker,
Postovskii, and Voronina supposed43 that the thione form
predominates both in the condensed phase and in solution
(dioxane). This was confirmed by the comparison of the spectra
of compounds 1 and 2.

NH
Me

V-N

1

In addition, Flett has noted44 that the NH vibration bands in
the 3430 cm"1 region in the spectrum of a solid sample
disappeared in a CCU solution. Hence it was concluded that
4-methylthiazole-2-thione exists in the crystalline form as
thioamide complexes with hydrogen bonds.

The evidence for the thione structure of 4-indolyl-2-
mercaptothiazole is, firstly, the absence of SH-group absorption
bands in the IR spectra, and, secondly, the presence of a
maximum at 332 nm in the UV spectrum, disappearing in an
alkaline medium.45

According to the MNDO calculation, the difference between
the enthalpies of formation of the thione and thiol forms of the
unsubstituted potential mercaptothiazole is 56.82 kJ mol"1,
which is evidence in favour of the thione form.42

In an alkaline medium, the nucleophilic centre in the
mercaptothiazole molecule is the exocyclic sulfur atom. For
example, sodium thiazolethiolates react with thiophosgene to
give trithiocarbonates.47

ci2c=s

VI. 1,3,4-Oxadiazolethiones and 1,3,4-
thia(selena)diazolethiones
In 1956, Ainsworth obtained a series of substituted oxadiazole-
thiones.48

N—NH

O

R = Alk, Ar, Het.

Their thione structures were confirmed by IR spectroscopic
data.48 Later studies49-50 gave the same result.
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In 1958, Ainsworth51 found that the IR spectrum of
2-mercapto-5-phenyl-l,3,4-thiadiazole was identical with that of
the corresponding oxadiazolethione; hence, this compound also
exists in the thione form. A similar conclusion was also reached
recently by Indian investigators52 who studied 5-substituted
2-mercapto-l,3,4-thiadiazoles. In the 'H NMR spectra of these
compounds, the chemical shift (<5) of the NH proton is about
5.2-5.5 ppm. There are no SH absorption bands (2500 to
2600 cm~') in the IR spectrum of the thione 3 in the condensed
state.53

N—NH
/Me

VII. 5-Mercapto-l,3?4-thiadiazole-2-thiones and
1,2,4-thiadiazole-3,5-dithione
The IR spectra of 2,5-dimercapto-l,3,4-thiadiazole 943

N—NH
/HS

9a 9b

HN—NH

9c

In the system

N—NH

AlkS—*

4a

N—N

AlkS—<l \—SH,
X S

4b

the equilibrium is significantly shifted towards the thione form,
which has been confirmed by spectroscopic methods: IR (the ab-
sence of the SH-group absorption band), :H NMR [<5(NH) = 1 2 -
14 ppm], and 13C NMR spectroscopy [<5(C=S)= 188 ppm].54-55

Only in the IR spectrum of a concentrated chloroform solution,
has a weak absorption of the SH group (2560 cm"1) been
detected, which may indicate the coexistence of two tautomeric
forms.

The absorption bands corresponding to the SH group were
not found in the IR spectrum of 2,2'-azo-l,3,4-thiadiazole-5-thione
5.56

HN—N N—NH

S=C ^—N=N-

contain a distinct absorption band in the region of 2489 cm""1

(corresponding to the SH group) and intense bands in the range
2860-3067 cm"1, indicating the presence of the NH group.
Hence it was concluded that compound 9 has a mixed thione-thiol
structure, i.e. form 9b predominates.

Later, Thorn59 undertook a detailed study of the absorption
spectra of compound 9 and a series of its methyl derivatives 10-14
(Scheme 1).

HN—N

10

Me

N—NH
/ \

12

N—N

MeS—<i 5—SMe

Scheme 1

11

Me

N—N
\\

Me Me
N—l/

SMe

13 14

Compound
Amax /nm

9
335
260

10
318
235

11
288

12
333
260

13
320
243

14
324
268

According to the data of Arvidsson and Sandstrom,57 the
hydrazones 6 and 7 have very similar UV spectra, differing
markedly from that of the 5-methylated compound 8; this fact
undoubtedly proves the thione structure of these compounds.

N—NH
/

N—N
/

Me

RS

N—N

Ji \V SMe

R "

The structures of some potential thiols and selenols of thia-
and selenodiazoles were studied by 13C NMR spectroscopy.58 It
was found that, on oxidation of these compounds to disulfides and
diselenides respectively, the chemical shifts of the carbon atoms
change significantly: the C(2) signal is shifted upfield (by about
30 ppm) and the C(5) signal is shifted downfield (by 10 ppm).

N—NH

R-<>X

R = MeNH,/>-MeC6H4NH, ; X, Y = S, Se

Bearing in mind that disulfides and diselenides should be
good models for thiol and selenol tautomerism, these data suggest
that the thione and selenone structures are preferred.

Analysis of the UV spectra revealed a striking similarity of the
absorption maxima of compounds 9,12, and 14 that appeared to
show unambiguously that they have the dithione structure.
However, this conclusion was not confirmed by IR spectra. In
all the spectra except that of compound 11, there is a band at
1475-1508 cm"1, which has been assigned to the thioamide
fragment. However, for all the compounds except compound 14,
the band at 1415-1435 cm"1, which should be assigned to the
iminothiol group, is also detected. Furthermore, in the spectra of
compounds 9 and 12 bands in the thiol region (2590 cm"1 and
2555 cm"1 respectively) were detected. To account for this
discrepancy between the IR and UV spectroscopic data,
Thorn assumed59 that compounds 9 and 12 exist in a mixed
form in a concentrated chloroform solution (i.e. under the
conditions of the recording of the IR spectra) while the dithione
form prevails in dilute alcoholic solution used for UV spectro-
scopy. Stanovnik and Tisler60 suggested a 'monomercapto-
monodipolar' structure for compound 9. Later, the presence of
at least one thiol group was established 61 by IR spectroscopy, this
group being deprotonated on formation of complexes with metals.

Zaidi et al.62 have noted the presence of a 'weak' absorption
band (at about 2490 cm""1) due to the thiol group, in contrast to
the 'medium' bands at 3060 cm"1 and 2875 cm"1 corresponding
to the N —H bond. They suggested that structure 9b should be
discounted, because the band due to the SH group is too weak
compared with that of the NH group; thus, 2,5-dimercapto-l,3,4-
thiadiazole exists mainly in the dithione form, which is in
equilibrium with a small amount of the thiol form. However,
in the next paper 63 a modified view was expressed: here the SH
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bands were classified as 'medium', and the NH bands — as
'strong'. This has two possible explanations. Firstly, the authors 63

may have been influenced by their own results on the structures of
complexes of compound 9 with transition metals, where the ligand
is in the thione-thiolate form 9b. Secondly, the important study by
Anthony et al.64 was published a year earlier. They used for the
first time 13C NMR spectroscopy of chloroform solutions in order
to solve this problem. The chemical shifts of the two carbon atoms
in the rings of compounds 15 -17 were found to differ significantly
(186 -188 ppm and 144 -154 ppm), while in the symmetrical
dithione 14 the shift is 180 ppm. This fact proves reliably the
presence of structure 9b. In the IR spectra of compound 15, bands
at 2560 cm~' and 930-933 c m - 1 were detected, disappearing on
its oxidation with iodine to the disulfide 16. They were assigned to
S—H stretching and C —S—H deformation vibrations.

N—N
\\

N—N N—N'

15 16

R

N—N

S = ( %—SCSC1

17

R = Ph, Me

Mercaptothiones do not yield N-adducts in the reaction with
thiophosgene, but form trithiocarbonates.47'64

R

N—N

s = ^ )>—s-c—s
N—N

7/

R = Me, Ar

Unsubstituted mercaptothiadiazolethione reacts with dibro-
moalkanes in the presence of bases to form various
macroheterocyclic compounds.65 The final product composition
depends strongly on the reaction conditions and the selection of
the initial reactants. For example, by using dibromomethane with
one equivalent of alkali (KOH), it is possible to obtain
trithiathiadiazolinophanetrithione 18, i.e. the product of the
reaction at both S and N atoms. With two equivalents of
alkali, tetrathiathiadiazolophane 19 can be produced.

N—N

l \V

N <!. <

— S '

18

N — N

19

N — N

(Ac)4GlS—<i )>—SGl(Ac)4

•SGl(Ac)4

(Ac)4Gl—N—N
\\

The S.N-adduct is formed either via the stepwise glycosidation of
compound 20 by one and then by another mole of (Ac)4GlBr, or by
the glycosidation of the mercury salt of 20, or by the trans-
glycosidation of the S,5'-adduct in the presence of HgBr2.

In the case of l,2,4-thiadiazole-3,5-dithione, the IR spectro-
scopic data seem to be in favour of the dithione structure.67

The intense absorption at 3010 cm"1 and 2830 cm"1 is due to
the NH group, while the SH band in the 2600 cm"1 region is
absent.

VIII. 1,2,4-Triazolethiones
In 1959, Reynolds and VanAllan68 compared the UV spectra of
potential mercaptotriazoles and their S-methyl and S-acyl-
derivatives and concluded that the thione form predominates.
This conclusion was confirmed29-69"71 by means of the IR and
NMR spectroscopy of 3-mercapto-l,2,4-triazoles having various
substituents in the 4- and 5-positions. In the IR spectrum of
4-amino-l,2,4-triazole-3,5-dithione, SH bands are absent, but
there are bands at 1333 cm"1 and 1519 cm"1, which can be
assigned to the C=S and HN—C=S fragments respectively. The
latter two bands disappear on alkylation of the dithione with
methyl iodide.72 According to X-ray diffraction data,73 4-amino-3-
hydrazino-5-mercapto-l,2,4-triazole crystallises in the thione
form.

At the same time, the IR and lH NMR spectra of 5-ferrocenyl-
4-phenyl-l,2,4-triazole-3-thiol indicate that it is more likely to exist
as a mixture of tautomers.74 The same conclusion has been made
for 4-amino-5-mercaptotriazoles and the Schiff 's bases derived
from them. In the IR spectra of these compounds, there is a weak
absorption in the 2480 - 2550 cm ~l region, which can be assigned
to the thiol group. In addition, the thiol proton with a chemical
shift of about 8.5-8.8 ppm was detected in the [H NMR spectra,
together with the NH-group protons.7576 Furthermore, the bold
hypothesis has been put forward 77 that the absence of signals in
the thiol region of the IR spectra of 4-amino-5-mercaptotriazoles
does not necessarily indicate the absence of the thiol form, since
the S—H bond usually has a very weak absorption.

A zwitter-ionic structure has been proposed for 3-hydrazino-5-
mercapto-l,2,4-triazole on the basis of crystallographic data.78

H3N—HN

N—N

l \V

Depending on the conditions, the reaction with 2,3,4,6-tetra-O-
acetyl-a-D-glucopyranosyl bromide [a-acetobromoglucose,
(Ac)4GlBr] leads to S,S'- or ,S,./V-bisglycosides66

HN-

SH + 2 (Ac)4GlBr

20

Thus, the C - S bond length is 0.174 nm, which is, of course, closer
to that of the single bond and not the double bond.

In 1,2,4-triazolethiones, both the sulfur and nitrogen atoms
can act as nucleophilic centres, depending on the nature of the
attacking reagent and on the reaction conditions (Scheme 2).79"83

The introduction of an arylamino group into the 5-position
does not change the mode of nucleophilic substitution reactions.84
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Scheme 2

H2C=CHY

N — N Hi u-
H2C=O

N—N—CH2CH2Y

R

N—N—CH2NR2

HNR

H2C=O
N—N—CH2OH

R

HalCH2R
2

N — N

it y
N
R

SCH2R2

R = p-XC6H4, X = H, Cl, OEt;

Y = CN, ot-Py;

NR2 = N / . N °> etc-;

R2 = H, Ph, C6H4NO2-p, CONH2, COOH, CH2COOH

Regardless of the nature of the substituents in the 4- and
5-positions, cyanoethylation occurs at the nitrogen atom72-85"87

with one exception:72

HN—NH
2H2C=CHCN

N

NH2

NCCH2CH2S

N—N—CH2CH2CN

N

NH2

On the other hand, compounds of the HalCHaR type usually react
at the sulfur atom.79-81-85-87"89

The situation is changed if the aryl substituent is present in the
1- or 2-position. In the case of l-phenyl-l,2,4-triazole-3-thione,
cyanoethylation at the sulfur atom takes place, while alkylation of
2-phenyl-l,2,4-triazole-3-thione by (3-chloropropionitrile can occur
at a nitrogen atom.90

Ph—N—NH
RC1

CH2=CHCN

R = CH2CH2CN, CH2CH2COOH, CH2Ph

R'Cl

—N—Ph

C1CH2CH2CN

Ph—N—N

N—N—Ph

N—N—Ph

CH2CH2CN

The mechanism of the cyanoethylation reaction is believed to
begin (in all cases) with the attack of the reagent on the sulfur
atom, since it carries a greater negative charge. However, this is
followed by transcyanoethylation with the participation of a
second reagent molecule. This is based on quantum-chemical
calculations of the charge distribution in the triazolethione
molecules by Huckel's MO method.90

The acylation of 4,5-disubstituted triazole-3-thiones with
benzoyl and cinnamoyl chlorides yields ultimately C — N-
products; however, when phenyl substituents are present in
both positions and the reaction is carried out in an alkaline
medium, it is possible to isolate C — S-derivatives, which are,
however, readily transacylated on heating.8687

Under ethyne pressure in the presence of alkali,
1,2,4-triazolethiones give S-vinyl derivatives. Further vinylation
at the nitrogen is possible when catalysts (cuprous chloride,
cadmium acetate) are used.91"93 The formation of divinylation
products also occurs in the case of various substituted ethynes.94'95

N — N H
PhCOGsCR' (21)

R'

N—N—C=CHCOPh
ll \ - 21

R'

N—N—C=CHCOPh

\ y—S—C=CHCOPh
N I,
H R

N—NH
Jl \ PhCssCCN (22)

H

22

Ph

N—NH
// S—C=CHCN

C = C H C N

Ph

However, initial 7V-vinylation takes place in this case.

IX. Tetrazolethiones
In 1958, Lieber et al.96 reported the absence of bands correspond-
ing to SH groups in the IR spectra of aryltetrazolethiones. The
absorptions in the 1470-1500 cm"1 and 1338-1359 cm"1 regions
were assigned to the N—C=S and C=S fragments respectively. The
UV spectra of methyl- and benzyl-thiotetrazoles differed from
those of mercapto-derivatives, resembling more closely the spectra
of non-tautomeric tetrazoles,97 which also constituted evidence in
favour of the thione structure.

Kauer and Sheppard concluded that the UVand IR spectra of
arylmercaptotetrazoles did not correspond to those of aryltetra-
zole systems.98 However, the question of the position of the
proton remained unsolved, and it was suggested that
arylmercaptotetrazoles may exist (at least in the solid state or
in weakly polar solvents) as hydrogen-bonded dimers.

R' = CH2CH2COOH, CH2Ph
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Ar

H—S—S VN
\ 'I

N—N N — N

Ar

Fairly definite results have been obtained by means of 13C
NMR spectroscopy29-58-99-101 The chemical shift of the carbon
atom in substituted tetrazolethiones was shown to be
163 -165 ppm (depending on the substituent and the solvent),
while in the S-derivatives (sulfides, disulfides, etc.) this value is
lower by 8 -18 ppm. Thus, the thione structure of the compounds
under consideration is confirmed. According to 15N NMR
spectra,102 most tetrazolethiones have the 2H-structure; how-
ever, Stefaniak103 believes 4//-tetrazole-5-thione to be the
dominant structure.

From the chemical viewpoint, the properties of tetrazole-
thiones are similar to those of triazolethiones. For example, they
undergo pyridylethylation80 and aminomethylationl04 at the
nitrogen atom adjacent to the thione group. At the same time,
tetrazolethiones are more prone to form sulfides than triazole-
thiones in reactions with a,|5-unsaturated carbonyl compounds
and in the cyanoethylation reaction.99-105-106 Addition occurs at the
nitrogen atom in presence of triethylamine and at the sulfur atom
in an alkaline medium. The sulfides formed can rearrange into
C—N-adducts. Moreover, a special experiment involving the use
of 'H NMR spectroscopy showed the C —S-adduct to be the
intermediate in the reaction catalysed by triethylamine.

N—NH
/ \ CH2=CHCHO

Et.,N

rr N—N—CH2COPh

N

CH2Ph

PhCCH2Cl

O N

CH2Ph

Arylsulfanyl chlorides react with tetrazolethiones in ether in
the presence of pyridine to give disulfides.109

N—NH

N. > = S + CISAr
N

R

R = Me, Ph; Ar =

Diazomethane reacts with l-methyltetrazole-5-thione to give a
mixture of S-methyl- and 4-./V-methyl-derivatives,101 while oxiranes
give spirocyclic 1,3-oxathiolanes.110

N—NH

A
N—NH

A
DMF

The thione structure was assigned111 to l,2,3,4-tetrazole-5-
thione on the basis of the absence of absorption at
2500-2600 cm-1 in the IR spectrum.

In alkaline medium, this compound is alkylated and acylated
at the sulfur atom.100-m-113

N—N

SCH2CH2CHO

R

N—N-CH2CH2CHO

The mode of acylation depends on both the nature of the
substituent in the ring and on the acyl halide structure.100-1O7'108

For example, sodium l-phenyltetrazole-5-thiolate gives a mixture
of products of the acylation at the sulfur atom and the nitrogen
atom in the 4-position, the fraction of the latter decreasing with
increase in the bulk of the substituent R.

N—N

N v >—SNa
RC(O)C1

Ph

/
N

N—N
\\ SCOR

7
Ph

23

N—N—COR

N

Ph

24

The yields of compounds 23 and 24 are equal for R = Me, while for
R = Bu' the C - N-adduct is not formed. In 1-alkyltetrazolethiones
not only the nitrogen atom at the 4-position but also the nitrogen
atom at the 2-position undergoes acylation, and a mixture of three
products is formed. Arenesulfonyl chlorides, benzoyl chloride,
and compounds containing the Hal — C^p3) bond react at the
sulfur atom. Only one exception is known.

Comparative analysis of the structures of tautomeric five-
membered heterocyclic thiols leads to the following conclu-
sions. The thione form predominates in all azoles having the
mercapto-group between two heteroatoms, as happens, for
instance, in imidazole-2-thione, thiadiazole-2-thione, and tetra-
zolethione. 5-Mercaptothiadiazole-2-thione is an exception; it
contains a thiol group, unlike, for example, l,2,4-thiadiazole-3,5-
dithione. On the other hand, if the above condition is not fulfilled
and at least one of the 'neighbours' of the mercapto group is a
carbon atom, the predominance of the thiol form may be
expected. Among such compounds are furan-, thiophene-, and
selenophene-thiols, mercaptopyrazoles, as well as 3-mercapto-
isothiazoles 25, 5-mercaptoisoxazoles 26, and 4-mercapto-l,2,3-
triazoles 27, which have not been considered here (see the review
of Elguero et al.1).

•SH

.N HS

HS

25

O

26

N

R
27

As to the characteristic features of the chemical properties of
the compounds considered, one may note that the predominance
of one or another tautomeric form does not often determine the
regioselectivity of the reaction. The alkylation of azolethiones with
alkyl halides at the sulfur atom and the autothiylation of furan-,
thiophene-, and selenophene-thiols may be given as examples.
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Abstract. Characteristic features of the thermal decomposition of
Group I-IV metal P-diketonates are surveyed and analysed.
A systematic account is given of data concerning the influence of
the nature of the metal and of the substituent in the P-diketone on
the volatility of the metal P-diketonates and the kinetics and
mechanism of their thermal decomposition. The bibliography
includes 95 references.

I. Introduction
Metal P-diketonates are a class of compounds which have been
quite adequately investigated.1 " 5 The syntheses and properties of
the P-diketonates of virtually all the metals in the Periodic System
and the structures of the complexes 6"8 have been described in the
literature and the nature of the bond in the chelate ring has been
examined.9-10

Metal P-diketonates constitute a convenient model for the
study of theoretical problems in the chemistry of coordination
compounds and possess a series of properties of practical value
which are responsible for their wide-ranging application as
catalysts in oxidation, addition, and polymerisation process-
e s , " 1 2 for the separation of mixtures of lanthanides,13-14 and for
the preparation of metallic and oxide coatings.15"26 Interest in the
P-diketonates has again grown in recent years because, by virtue
of their volatility and resistance to oxidation, they proved con-
venient starting compounds for the introduction of metals into
high-temperature superconducting films by deposition from the
gas phase.27"36

The volatility and thermal stability of the p-diketonates are
fundamental factors in their use in the technology of the prepara-
tion of films. However, there are no data in the literature on the
analysis of the thermal stability of these compounds.

The aim of the present review is to give a systematic account of
the literature data and the authors own studies on the volatility
and kinetics of the thermal decomposition of Group I-VIII metal
P-diketonates, to discover the common features of the influence of
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the nature of the metal and the ligand on the volatility and on the
kinetic and activation parameters of the thermal decomposition
and on its mechanism.

II. The influence of the nature of the metal and
the ligand on the volatility of metal P-diketonates
Vapour pressure is one of the most important physicochemical
characteristics of pure compounds. Metal P-diketonates exhibit
an enhanced volatility at temperatures in the range 373- 573 K.
Various methods are used nowadays to measure the vapour
pressures of metal p-diketonates: the isoteniscope, membrane,
and spectrophotometric methods, the flow method, and the
Knudsen effusion method. The advantages and disadvantages of
each of the above methods have been analysed in mono-
graphs.37"39

There have been fairly numerous studies on the vapour
pressures of metal P-diketonates.40"70 However, their results are
contradictory. The establishment of the general characteristics of
the influence of the nature of the metal and the ligand on the
volatility of metal P-diketonates is therefore of undoubted
interest.

There are quantitative data on the vapour pressures of metal
p-diketonates mainly for Group I I - IV and VIII metals, metals of
the 3d series, and also the lanthanides and actinides.41 ~65

The results of vapour pressure measurements on metal
P-diketonates obtained by the isoteniscope,40-42,51 -55

spectro-
photometric,56- 57 membrane,58-59 effusion,60 and flow 61 methods
have been analysed in a review by Igumenov et al.43 Appreciable
discrepancies between the experimental vapour pressures
obtained by different methods have been noted.41-52-57-61 It has
been concluded that, in the study of fairly volatile and thermally
stable P-diketonates, the static method with a membrane null-
manometer is the most reliable.43

Table 1 presents the conventional designations of the metal
P-diketonates investigated and Table 2 lists the thermodynamic
parameters of their evaporation process obtained by the static
method. All the compounds investigated exist in the gas phase as
monomers and the thermodynamic parameters obtained refer to
heterogeneous processes of the type A(solid, liq.) —*• A(gas).
The authors of the above review43 believe that the enthalpies
of sublimation of the p-diketonates in the range 83.6 to
104.5 kJ mol~' 58-59 are more reliable than the values in the
range 12.5-58.5 kJ mol"1 established by Berg and his
coworkers.4042
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Table 1. Conventional designations of P-diketones.

Name based on IUPAC nomenclature Traditional name Abbreviation

E

R

I Tsyganova, L M Dyagileva

R'

R - C O - C H 2 - C O - R '
Pentane-2,4-dione
1,1,1 -Trifluoropentane-2,4-dione
5,5-Dimethylhexane-2,4-dione
2,2,6,6-Tetramethylheptane-3,5-dione
1,1,1,5,5,5-Hexafluoropentane-2,4-dione
6,6,7,7,8,8,8-Heptafluoro-2,2-dimethyloctane-

3,5-dione
1,1,1 -Trifluoro-5,5-dimethylhexane-2,4-dione
1 -Benzoylbutane-1,3-dione
1 -Benzoyl-4,4,4-trifluorobutane-1,3-dione

4,4,4-Trifluoro-l-thienylbutane-l,3-dione

4,4,4-Trifluoro-1 -furylbutane-1,3-dione

5-Oxaheptane-2,4-dione
1,5-Diphenylpentane-2,4-dione
5,5,6,6,7,7,7-Heptafluoroheptane-2,4-dione
7-Ethyl-1,1,1,2,2,3,3-heptafluoro-

nonane-4,6-dione
1,1,1,2,2,3,3,7,7,7-Decafluoroheptane-

2,4-dione
Heptane-3,5-dione
Nonane-4,6-dione
2,6-Dimethylheptane-3,5-dione
3.8-Dimethylnonane-4,6-dione
Tridecane-6,8-dione

R - C(NH) - C H 2 - C O - R '
4-Iminopentan-2-one
1,1,1 -Trifluoro-4-iminopentan-2-one
1,1,1 -Trifluoro-4-imino-5,5-dimethylhexan-2-one

Acetylacetone
Trifluoroacetylacetone
Pivaloylacetone
Dipivaloylmethane
Hexafluoroacetylacetone
-

Pivaloyltrifluoroacetone
Benzoylacetylacetone
Benzoyltrifluoroacetylacetone

Thenoyltrifluoroacetone

Furoyltrifluoroacetone

Ethyl acetoacetate
Dibenzoylmethane
—
Isopentylheptafluoroacetyl-

acetone
Decafluoroacetylacetone

Dipropionylmethane
Di-n-butyrylmethane
Diisobutyrylmethane
Diisovalerylmethane
Dicaproylmethane

Acetylacetone imine
Trifluoroacetylacetone imine
Pivaloyltrifluoroacetone imine

Hacac
Htfacac
Hpacac
Hdpm
Hhfacac
Hfod

Hptfacac
Hbenacac
Hbentfacac

Htentfacac

Hfurtfacac

Hetoxacac
Hdibenm
Hhfh
Hhfen

Hdfh

Hdprm
Hdbtm
Hdibtm
Hdivm
Hdkm

HAcim
Htfacim
Hptfim

Me
Me
Me
Bu'
CF3

C3F7

CF3

Me
CF3

CF3

CF3

CH3

PhCH2

Me
Et2CH

CF3

Et
Pr
Pr'
Bu'
CH3(CH2)4

Me
Me
Bu'

Me
CF3

Bu'
Bu'
CF3

Bu'

Bu'
PhCO
PhCO

[TJL
OEt
PI1CH2
C3F7
C3F7

C3F7

Et
Pr
Pr'
Bu'
CH3(CH2)4

Me
CF3

CF3

H2C

CH2—CH2 R

C = N N = C
/ \

CH2

C = O O = CC

V
5,8-Diaza-4,9-dimethyldodeca-4,8-diene-
2,11-dione
5,8-Diaza-l, 1,1 -trifluoro-4,9-dimethyl-
dodeca-4,8-diene-2,l 1-dione

Ethylenediaminebisacetylacetone H2etdmacac Me

Ethylenediaminebistrifluoro- Fhetdmtfacac Me
acetylacetone

Me

CF3

The volatility of chelates of the type

R

HC !

C—C

n = oxidation state of the metal,

may be influenced by the end groups R and R', the nature of the
metal and of the donor atoms X and Y, the stoichiometry of the
complexes, and the crystal lattice structure.43

It has been noted 67 that the replacement of a hydrogen atom
by alkyl groups diminishes the volatility of the complexes.

Among the Group I metal complexes, the volatility of
copper(II) P-diketonates with fixed donor atoms (X = Y = O;
X = O, Y = N) but different groups R and R' has been
investigated (Table 2).2'48-68'69

The following series based on the variation of the volatility of
copper(II) complexes was obtained:

Cu(hfacac)2 > Cu(fod)2 > Cu(ptfacac)2 > Cu(tfacac)2 >

> Cu(pacac)2 > Cu(dpm)2 > Cu(acac)2.

It was shown that the introduction of the CF3 and C3F7
groups into the ligand increases the volatility of the copper
complexes. The replacement of both groups R and R' in
Cu(acac)2 by tert-b\x\y\ groups increases the volatility slightly,
but the thermal stability of the complex rises sharply.48 The
presence of aromatic, heterocyclic, and ether groups lowers the
volatility of the complexes drastically.2 Comparison of the
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Table 2. The coefficients in the equation for the temperature variation of the vapour pressure, \gP = B — AjT(aiP x 1.33 GPa), and the thermodynamic
parameters of the vaporisation of metal P-diketonates.

Compound

Al(acac>2
Al(tfacac)3

Al(ptfacac)3

Al(dpm)3

Sc(tfacacb
Ga(tfacac)3

In(tfacac)3

Cr(tfacac)3

Cr(acac)3

Fe(tfacac)3

Ir(tfacac)3

Ni(dpm)2a

V(tfacac)3

Cu(acac)2
Cu(tfacac)2

Cu(hfacac)2

Cu(pacac):
Cu(dpm)2

Cu(dpm)2
 b

Cu(ptfacac)2
 b

Cu(acim)2
Cu(tfacim)2
Cu(ptfim)2
Cu(etdmacac)2

Ca(acac)2
Ca(tfacac)2

Ca(dpm)2
Ca(ptfacac)2
Sr(tfacac)2

Sr(ptfacac)i
Ba(dpm)2
Ba(ptfacac)i
Ba(tfacac)2
Ba(hfacac)2

Y(dpm)3

Y(ptfacac)3

Y(tfacac)3

Y(hfacac)3

Pr(tpfacac)3

Pt(hfacac)2 "
Pt(dpm)2

 a

Ir(tfacac)3 "
Ir(hfacac)3

 a

Rh(hfacac)3 "
Ir(ptfacac)3

 !1

Ir(dpm)3 "
Sc(dpm)3

Y(dpm)3

La(dpm)3

Pr(dpm)3

Nd(dpm)3

Eu(dpm)3

Gd(dpm)3

Yb(dpm)3

Lu(dpm)3

Sc(acac)3

Zr(acac)4
Hf(acac)4

Th(dpm)4 "
U(dpm)4

 a

La(fod)3
 a

Gd(fod)3 »
Yb(fod)3

 a

A

4055.3 ±41.5
3636.2 ±56.7
3621 ±56.3
3598.3 ±35.9
4294.6 ±90.1
3949.1 ±61.8
4044.8 ±72.0
4004.2 ±68.5
4280.4 ±63.6
4545.6± 135.8
3972.0 ±88.1
3854.5 ±110.9
3722.2 ±85.1
5579.6 ±89.0
6047.4 ±80.8
3216.0±49.2
6513.5± 165.0
5843.2 ±89.1
4069.5 ±37.6
3703.9 ±53.2
5356.3± 172.1
5519.7± 158.5
6265.2 ±598.1
4921.1 ±145.6
2877 ±387
1180± 120
4060 ± 450
8140 ±500
3250 ±360
8600 ± 500
4750 ±500
3100 ±300
1977 ±496
4740 ± 550
4145 ±260
4060 ± 400
9400 ± 500

22100 ±900
422.19±21.42

6670
9820
9462
6793
7442
8259
8927
3988 ± 54
3977 ±65
5630 ±237
5449± 135
4850 ±130
4253 ± 52
4117± 77
3981 ±26
3938 ±49
5199.9
6050 ± 2000
7240 ±820

18304 ±371
17932 ±184
17479 ±941
18613 ±101
18608 ±424

B

6.89 ±0.08
6.83±0.13
6.55±0.13
5.37 ±0.06
7.86±0.21
7.23±0.14
7.30±0.16
7.24 ±0.15
6.86±0.12
8.47±0.33
6.91 ±0.20
6.20 ±0.21
6.61 ±2.01
9.82 ±1.9

11.78 ±0 .18
6.62±0.12

12.12±0.37
10.45 ±0.21
6.68 ±0.08
6.63±0.12
9.64 ±0.39

10.38 ±0.49
10.11 ±1.39
7.41 ±0.29
7.92±0.8
4.12±0.3

11.5±2.2
21.9±2.7

9.12±0.7
22.42 ±2.9
12.82 ±2.6

8.82 ±0.6
6.82 ±1.2

13.6 ±1.3
11.82±0.6
10.32±0.8
24.02 ±5.9
56.32 ±0.8

3.32 ±0.4
12.88
16.16
16.29
13.79
15.35
13.88
13.94

9.24 ±0.11
9.13±0.13

11.55±0.44
11.56 ±0.26
10.51 ±0.26

9.47 ±0.10
9.26±0.14
9.13 ±0.05
9.03 ±1.0

11.61
13.2±2.5
16.1 ±1.9
36.92 ±0.94
35.83 ±0.32
32.33 ±0.87
40.25 ±0.27
44.5 ±1.2

AH} 1
kJmol-1

69.2 ±0.3
69.6 ±0.5
69.3±0.5
65.0 ±1.0
82.1 ±0.8
75.5±0.5
77.4 ±0.6
76.6 ±0.6
81.8±0.4
86.9 ±1.2
76.0 ±0.8
73.7±0.8
71.2 ±7.8

106.7 ±16.7
115.7 ± 1 . 6
61.5 ±0.4

124.56±3.2
111.73 ± 1 . 7
77.83 ±0.7
70.9 ±1.0

102.4 ±3.3
105.6±3.1
119.8 ± 1 1 . 5
94.1 ±2.8
-
-
-

-
-
-
-
-
-
-
-
-
-
-
55.2±3.3
81.5 ±2.9
78.6±2.51
56.4 ±0.4
61.9±0.4
68.6 ±0.4
73.99 ±0.8
76.1 ±0.8
76.1 ±1.2

107.9 ±4.6
104.3 ±2.6

92.9 ±2.5
81.4± 1.0
78.8± 1.5
76.2 ±0.5
75.4 ±0.9
—
—
-
-
-
-
—

-

AST 1
J mol-' K"1

131.6±0.7
130.6± 1.2
100.2 ±1.2
102.7 ±0.2
152.3 ±1.6
138.3 ± 1.2
139.3 ±1.4
138.5 ± 1.2
1 3 1 . 2 ± 1.1
162.0±2.8
132.2± 1.6
118.5 ±1.6
126.4±4.2
187.9±3.6
225.3±0.9
126.7 ±1.2
231.74±6.9
200.0 ±3.6
127.7± 1.46
126.8 ±2.26
78.5 ±7.4

198.6±8.8
231.3 ±26.6
141.7 ± 5.5

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

107 ±7.9
134.2±6.7
136.7 ±5.4
114.1 ±0.8
127.7±0.8
111.6 ±0.8
115.8 ±0.8
121.8 ± 2.1
119.7 ±2.5
116.1 ±8.4
166.2 ±5.0
146.1 ±5.0
126.2 ±2.0
122.2 ±2.7
119.7 ± 10
117.6 ± 1.7

—
—
—
-
-
-
_

-

77 K

471-536
392-484
378-488
537-607
397-457
401-476
398-478
424-486
491-563
392-428
402-476
515-536
402-467
424-454
392-475
377-423
426-465
434-468
468-519
385-505
418-454
426-460
421-435
478-520
410-430
380-420
400-427
373-400
410-450
400-420
397-421
406-450
380-404
378-401
430-500
426-463
412-434
403-416
388-505
419-439
447-467
458-488
401-443
388-421
413-518
418-522
458-558
463-574
530-567
496-550
492-546
467-625
480-600
477-588
457-591
383-403
423-443
423-443
391-409
392-409
387-403
362-385
339-355

continued

Ref.

43
43
43
43
43
43
43
43
43
43
43
43
43
48
48
43
48
48
48
48
48
48
48
48
44
44
44
44
44
44
45
45
45
45
46
46
46
46
47
49
49
49
49
49
49
49
50
50
50
50
50
50
50
50
50
56
66
66
63
63
64
64
64

over
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Table 2 (continued)

Compound A B AHrl
kJmol"1

ASrl
Jmol"1 K"1

E 1 Tsyganova,

77 K

L M Dyagileva

Ref.

Th(fod)4
 a

U(fod)4
 a

Np(fod)4
 a

Pu(fod)4
 a

17238 ±173
16654 ±382
17779 ±354
18455 ±947

39.88 ±0.48
38.74 ±1.07
41.42 ±0.98
43.60 ±0.27

1 Refers to the equation \nP = B—A/T.b The substance is in the liquid phase.

343-367
344-367
350-368
349-363

63
63
63
63

volatilities of Cu(tfacac)2 and Cu(fod)2 shows that an increase in
the length of the f luorinated chain hardly affects the volatility of
the complexes.48

In the case of the N and O donor atoms, the dependence of the
volatility on the nature of R and R' remains the same as before.

Cu(acim)2 < Cu(tfacim)2 < Cu(ptfim)2

It is essential to note the conventional nature of the series
presented, since, depending on the temperature range in which
the comparison is carried out, the relative volatilities of adjacent
complexes may change. Only comparison of experimental P-T
curves can yield a concrete answer to the question of the greater or
lower volatility of a complex in a particular temperature range.

Among Group II metal P-diketonates, the volatility of
calcium,44 strontium,44 and barium45 P-diketonates has been
investigated. It was established that the volatility of the calcium
compounds at temperatures below 400 K varies as follows:44

Ca(ptfacac)2 > Ca(tfacac)2 > Ca(dpm>2 > Ca(acac)2.

In the temperature range 430- 520 K, the series assumes a
different form:

Ca(dpm)2 > Ca(ptfacac)2 > Ca(acac)2 > Ca(tfacac)2.

Thus the introduction of the /er?-butyl group into the calcium
compounds increases the volatility of the complexes to a greater
extent than the introduction of the trifluoromethyl group.

For the strontium compounds44 in the temperature range
from 430 to 500 K, the change in the volatility of Sr(tfacac)2 is
greater than for Sr(ptfacac)2. At temperatures below 430 K and
above 500 K, the opposite relation holds.

In terms of their volatilities, the P-diketonates can be arranged
in the following series:45

Ba(tfacac)2 > Ba(hfacac)2 > Ba(ptfacac)2 > Ba(dpm)2 •

As in the case of copper p-diketonates, the volatility of the barium
compounds increases following the introduction of the trifluoro-
methyl group into the ligand molecule. The introduction of the
/erf-butyl group lowers the volatility of these compounds. The
lowest volatility is that of Ba(dpm)2, which contains two ter/-butyl
groups. Here it was noted that the volatilities of Ba(dpm)2
synthesised at different times differ significantly. A decrease in
the volatility of Ba(dpm)2 during its storage has been observed.45

It has been shown70 that, according to mass-spectrometric
data, Ba(dpm)2 exists as a trimer in the gas phase and that its
thermolysis is preceded by its depolymerisation. During the
storage of Ba(dpm)2 or Ba(dpm)2 • 2H2O, the complex decom-
poses slowly with formation of Hdpm or the diketone
B u ' - C O - C H = CH-CO-Bu t . It is therefore recommended
that Ba(dpm)2 be stored in vacuo.

We shall consider how the nature of the metal influences
the volatility of the isotypical calcium, strontium, and barium
P-diketonates.

The volatility of the complexes M(tfacac)2 (M = Ca, Sr, Ba)
increases with increase in the atomic number of the metal:
Ca < Sr < Ba. For the complexes M(ptfacac>2, the above series
is reversed: Ca > Sr » Ba. The same trend has been observed for
M(dpm)2: Ca > Ba.

Thus in the series of Group II metal p-diketonates we see no
common trends in the variation of the volatility with the atomic
number of the metal for different ligands.

Among the Group III metal diketonates, the variation of the
volatility of the aluminium,43 gallium,43 indium,43 scandium,43'so

yttrium,46 and the lanthanide and actinide 50-5S-60 - 64 '66 P-diketo-
nates has been investigated.

For aluminium P-diketonates, the series based on increasing
volatility has the following form:43

Al(tfacac)3 > Al(ptfacac)3 > Al(acac)3 > Al(dpm)3.

The influence of the end groups has been clearly traced for the
aluminium compounds. The introduction of the CF3 group into
the ligand of the chelate increases sharply the volatility of the
complex. The joint presence of the tert-bvAy\ and trifluoromethyl
groups reduces the volatility of the complex compared with
Al(tfacac)3. Thus, in the case of the aluminium complexes, as for
the copper and barium complexes, the trifluoromethyl group
increases while the ;ec(-butyl group diminishes the vapour
pressure of the chelate.

A successive decrease in volatility with increase in the atomic
number of the metal has been observed for the compounds
M(tfacac)3 (M = Al, Ga, In).43

In terms of their volatilities, scandium P-diketonates can be
arranged in the following sequence:43-50'56

Sc(dpm)3 > Sc(tfacac)3 > Sc(acac)3.

The chelates with tert-\i\xiy\ substituents proved to be more
volatile than those with the trifluoromethyl substituents
(although one should bear in mind that data obtained by different
workers were compared). The following dependence of the
volatility of the p-diketonates on the nature of the ligand has
been established for yttrium P-diketonates:46

Y(hfacac)3 > Y(tfacac)3 > Y(ptfacac)3 >

> Y(dpm)3 > Y(acac)3.

The volatility of yttrium p-diketonates increases in proportion to
the number of fluorine atoms introduced into the ligand molecule:
in the series of fluorine-substituted acetylacetonates, the hexa-
fluoroacetylacetonates have the highest vapour pressure. The
greater volatility of the complexes with fluorine-containing
ligands compared with their analogues without fluorine has been
attributed to the mutual repulsion of the strongly electronegative
terminal fluorine atoms and the corresponding decrease in the
extent of van der Waals interactions.

The following series based on the variation of volatility has
been observed for M(dpm)3 (M = Sc, Y, La):50

Sc(dpm)3 > Y(dpm)3 > La(dpm)3.

Evidently, the volatility of the chelate diminishes with increase in
the atomic number of the metal, as in the aluminium subgroup.43

The variation of the volatility of lanthanide p-diketonates
Ln(dpm)3 (Ln = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu) has been investigated.5062 A monotonic increase in
the volatility of Ln(dpm)3 with increase in molecular mass and
with some decrease in the size of the molecule has been observed.
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Konstantinov et al.50 attribute this to the different degrees of
association of the compounds in the condensed phase. It is
suggested that, on passing to lighter elements, the concentration
of the involatile dimeric molecules in the melt increases and the
vapour pressure of the monomeric molecules over the melt
diminishes. With increase in the temperature of the melt and
hence with increase in the degree of dissociation of the dimeric
molecules in the melt, the volatilities of different Ln(dpm)3 are
similar and they become indistinguishable as regards their ability
to evaporate.

It has been shown for the actinides62 that the compounds
M(fod)3 are more volatile than M(dpm)3, the nature of the metal
having a greater influence than that of the radicals.

The influence of the nature of the metal on the volatility of
Group IV metal acetylacetonates is insignificant.66

The influence of the nature of the ligand substituent on the
volatility of Group V metal P-diketonates has been investigated
for bismuth.71 It was shown that, depending on the type of
substituent, the volatility of the complexes diminishes in the
sequence

Bi(pacac)3 > Bi(acac)3 > Bi(tfacac)3.

We observe a rare instance of a decrease in volatility following the
introduction of the trifluoromethyl group into the ligand.

Factual data on the volatility of Group VIII metal (Pt, Pd, Ir,
Rh) P-diketonates have been treated systematically by Igumenov
et al.49 The usual sequence based on the variation of volatility was
observed for rhodium and iridium:

Rh(hfacac)3 > Rh(tfacac)3 > Rh(acac)3;

Ir(hfacac)3 > Ir(tfacac)3 > Ir(acac)3.

A greater volatility of the iridium complexes compared with
the rhodium complexes was observed.49 The following sequence
based on the variation of volatility was established for plati-
num(II) chelates:

Pt(hfacac)2 > Pt(ptfacac)2 > Pt(tfacac)2 > Pt(acac)2 >

> Pt(bentfacac)2 > Pt(benacac)2.

Igumenov et al.49 note that all the octahedral platinum(IV)
chelates, even dimeric ones, have appreciably higher vapour
pressures than the isoligand pseudosquare platinum(II) chelates.
It was shown that /ra«5-Pt(tfacac)2 occupies a special place among
platinum(II) P-diketonates. Its volatility is lower than that of cis-
Pt(tfacac)2 and even that of Pt(dpm)2. This is one of the few
experimental confirmations of a decrease in volatility after the
introduction of the CF3 group into the ligand.

The introduction of the trifluoromethyl group into the ligand
in nickel(II) complexes led to a significant increase in the vapour
pressure.72

The study of the volatility of the trifluoroacetylacetonates of
the metals in the first transition series (Sc, V, Cr, Fe, Co) led to the
conclusion that the volatility decreases with increase in the atomic
number of the element. It was noted in this connection that the
influence of the nature of the metal on the volatility of the
complexes for fixed groups R and R' is insignificant.43-68

Igumenov et al.49 observed a decrease in the thermodynamic
parameters characterising the sublimination and evaporation of
the p-diketonates after the introduction of the CF3 group into the
ligand. The decrease in &Hj, which should entail a sharp increase
in the vapour pressure, is compensated by the corresponding
decrease in \Sj. Analysis of the data for compounds belonging to
one group in the Periodic System shows a decrease in the absolute
values of the thermodynamic parameters with increase in the
atomic number of the metal.

Analysis of the data presented above for metal P-diketonates
shows that the decisive factor in the volatility of the chelates is the
nature of the ligand. In terms of their influence on the volatility,
the factors considered can be arranged as follows:43

(1) the influence of the nature of the terminal R and R' groups
of the ligand;

(2) the influence of the nature of the metal within the groups of
the Periodic System;

(3) the influence of the nature of the metal within the periods
of the Periodic System.

The fact that the volatility of copper, calcium, strontium,
barium, yttrium, aluminium, gallium, indium, nickel, palladium,
iridium, and platinum B-diketonates increases following the
introduction of trifluoromethyl groups into the B-diketone and
diminishes after the introduction of ?<?r;-butyl groups into the
latter may be regarded as established. A decrease in the volatility
after the introduction of CF3 groups has been observed only for
calcium (at 430-520 K), scandium, and bismuth p-diketonates
and the ;ra/w-isomer of Pt(tfacac)2.

General trends in the variation of the volatility of the
P-diketonates as a function of the atomic number of the metal
have not been noted. A decrease in volatility with increase in the
atomic number of the metal has been observed in the calcium
subgroup for the complexes M(ptfacac)2 and M(dpm)2 (M = Ca,
Sr, Ba), in the aluminium subgroup for the complexes M(tfacac)3

(M = Al, Ga, In), in the scandium subgroup for the complexes
M(dpm)3 (M = Sc, V, La), and in the group of metals of the first
transition series (Sc , V, Cr, Fe, Co) for the M(tfacac),, complexes.
On the other hand, an increase in volatility with increase in the
atomic number of the metal has been observed for the compounds
M(tfacac)2 (M = Ca, Sr, Ba) and M(dpm)3 (M = lanthanides).

It is at present impossible to establish an unambiguous
correlation between the thermodynamic data and the structural
parameters of metal P-diketonates because these compounds have
been little investigated.43

III. Kinetics of the thermal decomposition of metal
P-diketonates
In the present review an attempt is made to treat systematically
the available literature data concerning the influence of the nature
of the metal and the substituent on the kinetics and mechanism
of the gas-phase pyrolysis of substituted metal P-diketonates.
The thermal decomposition of the P-diketonates can occur both in
the gas and solid phases. In the case of the gas-phase thermal
decomposition of metal P-diketonates, the rate constant for the
thermal decomposition serves as a measure of reactivity. In the
solid-phase decomposition investigated by differential thermal
analysis (DTA), the comparison of the reactivities was based on
the temperatures of the onset of decomposition, while in the case
of the solid-phase decomposition, investigated by the kinetic
method, it was based on the initial rates of thermal decomposition.

1. Thermal decomposition of Group I metal P-diketonates
Among Group I metal p-diketonates, the kinetics of the thermal
decomposition of copper(II) p-diketonates have been described in
greatest detail.73"78 The kinetics of the thermal decomposition of
copper(II) complexes have been studied by static,73 flow,74 and
mass-spectrometric75 methods. The experimental conditions and
the activation parameters for the thermal decomposition are
presented in Table 3.

The gas-phase pyrolysis of Cu(acac)2 under static conditions
in vacuo is homogeneous-heterogeneous in character and is
described satisfactorily by a first-order kinetic equation.73 The
acceleration of the thermal decomposition in the presence of
oxygen has been noted.

Mass-spectrometric analysis led to the detection of the
following components in the products of the total thermal
decomposition at 573 K (in mol %): acetone (22.3), ethene
(carbon monoxide) (38.0), ethyl methyl ketone (0.3), CO2 (36.2),
and H2O (3.2). This product composition indicates appreciable
degradation of acetylacetone, which is formed in the initial stages
of the thermal decomposition. The splitting off of the ligand
is observed at temperatures close to that of the onset of
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Table 3. Kinetic parameters of the gas-phase pyrolysis of copper(II)
P-diketonates obtained by a flow method74 (A — pro-exponential factor).

Compound

Cu(acac)2 °
Cu(acac)2

Cu(tfacac)2

Cu(hfen)2

Cu(hfh)2

Cu(hfacac)2
Cu(dfh)2

Cu(dpm)2
 b

Temperature
range/K

536-613
553-723
473-673
473-723
473-653
453-523
453-593
423-823

\gA

7.48 ±0.98
7.16±0.65
7.15 ±0.48
7.07 ±0.35
6.55 ±0.52
6.32 ±0.32
6.28 ±0.45

13.176

£ /kJmol - '

115.4± 10.8
58.7 ±6.2
46.9 ±4.5
45.9 ±5.4
39.3 ±4.16
33.5 ±3.8
31.8±8.2

155.5 ± 7.1

a Data obtained by a static method.73 b Data obtained by the mass-
spectrometric method.75

decomposition.77 The ligand Hdpm is also formed in the initial
stages of the pyrolysis of Cu(dpm)2.

It has been established79 that acetylacetone has a higher
thermal stability than that of the chelate complexes based on it.
The M - O bond energy in acetylacetonates is 160 - 280 kj mol ~'.
The M - O bond is the least stable in the chelate molecule.79

The kinetics of the thermal decomposition of fluorine-
substituted copper P-diketonates in an open system have been
investigated in a stream of helium at temperatures in the range
453 - 723 K in a reactor the walls of which were lined with metallic
copper having a constant catalytic activity (Table 3).74

Analysis of the dependence of the maximum rate of growth of
the metallic copper film under dynamic deposition conditions
enabled Mazurenko et al.74 to conclude that the rate-limiting stage
of the thermal decomposition of fluorine-substituted copper(II)
P-diketonates is the decomposition of the adsorption complex. A
linear dependence of the energy characteristics of the thermal
dissociation process on the electronic structure of the coordina-
tion unit of the P-diketonate complexes has been observed. Thus,
following the enhancement of the electron-accepting properties of
the oc-substituent, a decrease in the activation energy and an
increase in the rate constants for the thermal decomposition of
copper(II) P-diketonates have been observed in the sequence

Cu(acac)2 < Cu(tfacac)2 < Cu(hfen)2 « Cu(hfh)2 <

< Cu(hfacac)2 < Cu(dfh)2.

Cu(acac)2 has the highest kinetic stability in the thermal
decomposition reaction. An increase in the number of fluorine
atoms in the p-diketone leads to a successive increase in the
thermal decomposition rate constant. Thus at 553 K the rate
constant for the thermal decomposition of Cu(acac)2 is accor-
dingly smaller than those for the thermal decomposition of the
fluorine-substituted analogues.

The greater thermal stability of Cu(acac)2 compared with
the substituted p-diketonates has been attributed78 to the fact
that the contribution of ring conjugation in copper(II) P-diketo-
nates is greater than in the chelates of other metals by virtue of
the jt-bonding (pn-dn) nature of the C u - 0 bond. The alkyl
substituents in these chelates exhibit a hyperconjugation effect,
which disrupts the resonance in ring-conjugated systems.

It was not possible to reach a conclusion about the compar-
ative stabilities of Cu(acac)2 and Cu(dpm)2, since the thermal
decomposition rate constants were obtained under different
experimental conditions73-75 and may refer to different rate-
limiting stages.

A kinetic analysis of the thermal decomposition of copper(II)
P-diketonates in vacuo and under an inert atmosphere, based on
the results of thermogravimetric analysis, has been published.76

In terms of the apparent activation energies, the compounds can
be arranged in the following sequences [the values of
E (kJ mol"1) are given in brackets]:

(a) under an inert atmosphere:

Cu(tentfacac)2 (110.8) > Cu(acim)2 (106.6)«

« Cu(tfacac)2 (102.4) > Cu(acac)2 (99.1);

(b) in vacuo:

Cu(tentfacac)2 (105.3) > Cu(tfacac)2 (80.7) >

> Cu(acac)2 (77.3) > Cu(acim)2 (66.04).

However, no conclusions concerning the comparative thermal
stabilities of the copper(II) P-diketonates can be reached on the
basis of these series, since the pre-exponential factor in the rate
constant equation is unknown.

The thermal stability of Na(acac) has been investigated by
the DTA method78 relative to the thermal stabilities of the
acetylacetonates of divalent and trivalent metals: Cu(II), Ni(II),
Co(II), Cr(III), Fe(III), Co(III), and Mn(III). It was shown that all
the compounds M(acac)n investigated decompose in the tempera-
ture range from 423 to 673 K. In terms of the thermal stabilities of
their acetylacetonates, the metals can be arranged in the following
sequence:

Na(I) > Cr(m) > AI(III) > Ni(ll) > Cu(ll) > Fe(m) >

> Co(Il) > Co(Ill) > Mn(III).

The principal gaseous products of the decomposition of
M(acac)n [M = Co(II), Co(III), Al(III), Fe(III)] are acetone and
carbon dioxide. In the case of Na(I) and Cr(III), methane appears
in the thermal decomposition products on raising the tempera-
ture. The principal product of the thermal decomposition of
copper(II) and manganese(III) acetylacetonates is acetylacetone
over the entire temperature range.

The thermal decomposition of three types of chelate com-
plexes of dimethylgold(III) having the general formula
Me 2Au(R-CX-CH-CO-R') , where X = O, NH, or S and R
and R' = Me, Bul, or CF3 in various combinations, has been
investigated by the DTA method 79 in the solid and gaseous states.
Thermolysis of all types of chelates proceeds in the same way
regardless of the nature of the donor atoms and the type of
substituents R and R' in the ligand.

The complexes containing the tert-buty\ group exhibit the
highest thermal stability. The introduction of the CF3 group into
the P-diketonate complexes leads to an appreciable decrease in
their thermal stability, while, conversely, the introduction of CF3
groups into the p-iminoketonates increases the thermal stability of
the complex.

The decisive factor governing the variation of the thermal
stability of the complexes in the condensed state is not the type of
substituents R and R' but the nature of the donor atoms in the
ligand. The introduction of sulfur atoms into the chelate ring leads
to a sharp decrease in the thermal stability of the dimethylgold(III)
complexes.

It has been established that, in the series of dimethylgold(III)
chelates investigated, the thermal stability increases as a function
of the chelate unit in the following sequence:

S - S < O - S < O - O < O - N H .

The thermal stability of the P-diketonate complexes in the gas-
phase decomposition is analogous to their stability in the solid-
phase decomposition.

When the CF3 group is introduced into the chelate ligand, the
series of the thermal stabilities of the gaseous P-iminoketonates is
reversed.

The principal volatile products of the thermal decomposition
of the compounds investigated are the free P-diketones,
P-iminoketones, HL, CH4, C2H6, and MeL (L = ligand). The
presence of this set of products indicates the occurrence of
competing rearrangements of the thermally excited species with
opening of the chelate ring.
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In the interaction of the P-diketonates with deuterium,
the ketones R - C O - C D M e - C O - R ' and monosubstituted
deuteriated P-diketones were detected in the reaction products.
Deuteriated metal-containing products were not found.
Appreciable temperature-dependent deuteriation of the molecules
of the complexes has been observed for the P-iminoketonates.
Mainly monosubstituted deuteriated metal-containing products
are formed, whereas in the case of the free P-iminoketones,
disubstituted molecules were detected, which confirms the above
hypothesis of the initial opening of the chelate ring in the
thermally excited molecule with subsequent decomposition via
different paths.

2. Thermal decomposition of Group II metal p-diketonates
The following thermal stability series has been obtained from the
results of the study of the relative reactivities of divalent Group II
metal acetylacetonates:80

Be 5= Ni > Cu > Cd > Mn > Co.

The size of the alkyl substituent in beryllium p-diketonates has
little effect of the stability of the complexes. Among Group II
metal compounds fluorine-substituted calcium and strontium
P-diketonates have been investigated in greatest detail.44 The
thermal decomposition of these compounds takes place in the
gas phase and is described by a first-order kinetic equation
(Table 4). From 1.5 to 6.0 moles of gaseous products are evolved
per mole of the decomposed chelate. The complexes Ca(dpm)2
and Ca(acac)2 undergo the greatest and smallest degradation
respectively. The main product of the thermal decomposition of
calcium acetylacetonate is acetone, the content of which
diminishes with increasing degree of conversion of the reactant.
The first decomposition stage is the opening of the chelate ring
with subsequent dissociation of the C - C bonds.44 In terms of
their kinetic stabilities, the calcium compounds can be arranged in
the following sequence:

Ca(dpm)2 > Ca(acac)2 > Ca(tfacac)2 > Ca(ptfacac)2.

Table 4. Kinetic and activation parameters for the gas-phase pyrolysis of
Group II - V metal 3-diketonates (the initial pressures of the reactants
were 50-200 GPa).

Compound

Ca(acac)2
•a(tfacac)2
Ca(dpm>2
Ca(ptfacac>2
Sr(tfacac)2

Sr(ptfacac)2
Ba(acac)2

 a

Ba(ptfacac)2
Ba(hfacac>2
Ba(tfacac)2
Ba(dpm)2

 b

Y(acac)3 "
Y(dpm),
Y(ptfacac)3
Y(tfacac)3

Y(hfacac)3

Pr(ptfacac)3
Ti(acac)3

V(acac)3

VO(acac)2

Temper-
ature/K

613-693
553-633
673-798
533-613
533-573
483-523
536-633
525-625
539-630
475-623
623-773
513-593
523-633
493-533
453-523
403-478
553-613
573-633
683-743
638-723

3.19±0.83
5.26 ±0.33
5.71 ±0.34
5.77±0.82

12.06 ±0.72
7.64 ±1.31
6.50 ±0.48
2.23 ±0.34
1.73 ±0.63
0.88±0.19
0.42 ±0.15
4.77 ±0.43
4.31 ±0.14

13.88±0.9
1.93 ±0.38
4.08 ±0.77
2.90 ±0.72
5.32 ±0.85
5.02 ±0.56
8.32 ±0.44

El
kJmol"1

74.9 ±5.8
92.0 ±3.6

117.5±4.9
97.6 ±9.1

159.0 ±7.6
99.6 ±12.5
81.1 ±5.1
53.1 ±3.7
52.0 ±2.1
35.6 ±3.2
38.9 ±2.0
50.6 ±3.8
76.5 ±1.6

166.6 ±8.9
44.5 ±3.5
53.3 ±6.4
63.4 ±7.8
90.7 ±9.6

102.4 ±7.5
143.0 ±5.8

Ref.

44
44
44
44
44
44
73
45
45
45
45
73
46
46
46
46
47
82,83
82,83
82,83

The thermal stability of the compound Ca(dpm)2 is highest.
The introduction of trifluoromethyl groups diminishes signifi-
cantly the thermal stability of the calcium chelates.

Comparison of the kinetic parameters of the thermal
decomposition of the strontium compounds shows that the
complex Sr(tfacac)2 is much more stable than Sr(ptfacac)2. A
considerable amount of trifluoromethane is present in the
products of the decomposition of f luorinated strontium chelates.

Comparison of calcium and strontium P-diketonates
containing isotypical ligands shows that the calcium compounds
have a higher thermal stability than the corresponding strontium
compounds. The difference between the thermal stabilities of the
P-diketonates M(tfacac)2 is smaller than in the case of
M(ptfacac)2. The thermal decomposition of the strontium
compounds is retarded in the presence of oxygen, whereas the
decomposition of the calcium chelates is accelerated under these
conditions.44 The rate constant for the thermal decomposition
process diminishes with increase in the heterogeneous factor S/ V
(S is the surface area of the reactor and V its volume). This
indicates a complex homogeneous-heterogeneous character of the
thermal decomposition of the chelates, the main products of
which are carbon oxides (for both low and high degrees of
conversion) (Table 5).

The decomposition of barium P-diketonates takes place both
in the solid and gas phases (Table 4).45-73 The pyrolysis of barium
acetylacetonate proceeds topochemically in the solid phase and
is accompanied by the formation of both solid and gaseous
products.73 The composition of the solid phase has the empirical
formula BaC36H6 06O1.91. More extensive degradation of barium
acetylacetonate to the carbide BaC2 takes place in the presence of
oxygen, the initial rate of thermal decomposition remaining
unchanged. The following substances were detected among the
products of the total pyrolysis of barium acetylacetonate at 573 K
(mol %): acetone (86.6), ethanol (0.8), ethene (carbon monoxide)
(9.3), ethyl methyl ketone (0.2), carbon dioxide (1.0), water (2.1).

The thermal decomposition of the fluorine-substituted
barium P-diketonates takes place in the gas phase and is described
satisfactorily by the kinetic equation for a first-order reaction.45

The kinetic stability of barium P-diketonates in the thermal
decomposition reaction varies in the following series:

Ba(dpm>2 > Ba(hfacac)2 > Ba(ptfacac)2 > Ba(tfacac>2.

The influence of oxygen on the rate of the thermal decom-
position of fluorine-substituted barium P-diketonates is specific
and is determined by the nature of the ligand.45 In the thermal
decomposition of Ba(ptfacac)2 and Ba(dpm)2, a decrease in the
rate constant to a minimum value in the presence of 30% - 50% of
added oxygen is observed. In the case of Ba(hfacac)2, the addition
of oxygen hardly affects the rate, whereas an appreciable increase
in the rate constant is observed for Ba(tfacac)2 . As in the case of
the analogous calcium and strontium compounds, a decrease in
the decomposition rate constant with an increase in the hetero-
geneous factor is likewise observed for the barium chelates.45

The main products of the thermal decomposition of all the
barium compounds investigated, in both the initial and final
decomposition stages, were CO and CO2, the content of which
decreases on passing from the Ba(hfacac)2 to the Ba(dpm)2
complexes in the following series of ligands:

Hhfacac > Hptfacac > Htfacac > Hdpm;

Hhfacac « Htfacac > Hptfacac > Hdpm.

" Pyrolysis in the solid phase. b Calculated from the initial rates of
pyrolysis.

The amount of the main ligand in the total pyrolysis products
does not exceed 0.2% - 1.4% for all the compounds investigated,
which indicates its far-reaching degradation (Table 6). The trends
in the variation of the contents of other products are determined
by the nature of the initial ligand and by the degree of decomposi-
tion.

Comparison of the thermal stabilities of the Group II metal
P-diketonates M(tfacacb (M = Ca, Sr, Ba) shows that the kinetic



Table 5. Compositions (in mol %) of the volatile products of the thermal decomposition of calcium and strontium p-diketonates.44

Compound

Ca(acac>2

Ca(acac)2

Ca(tfacac)2

Ca(tfacac)2

Ca(dpm)2

Ca(dpm)2

Ca(ptfacac>2

Ca(ptfacac)2

Sr(tfacac)2

Sr(tfacac)2

Sr(ptfacac)2

Sr(ptfacac)2

a L = initial ligand.

Temper-
ature/K

673

673

573

573

738

738

573

573

573

573

523

523

Degree of
decompo-
sition

0.3

1.0

0.3

1.0

0.2

1.0

0.2

0.6

0.3

1.0

0.1

1.0

b Dimethylpropionaldehyde.

CO

16.0

23.5

54.6

54.6

36.5

32.3

30.7

18.8

49.6

38.4

23.6

35.2

CO2

2.6

2.7

23.8

22.6

0.9

4.3

18.0

7.3

29.1

32.9

48.6

34.4

Methyl
pivaloyl
ketone

-

—

—

-

3.4

12.6

5.5

3.8

-

-

0.05

0.3

iso-C4H8

(iso-C4H,0)

-

—

—

—

11.3

16.2

3.3
(1.0)

1.6
(0.4)

-

-

0.8

0.9
(0.1)

C3H8

(C3H6)

-

—

—

—

(12.8)

(16.0)

0.9
(1.4)

2.3
(0.7)

-

-

0.9
(0.2)

0.4
(0.2)

CH4

(CF4)

12.2

21.0

5.1
(0.9)

5.1
(2.1)

30.3

13.7

0.2
(4.3)

0.6
(0.2)

5.6
(0.7)

5.2
(2.3)

5.4

2.4

CF3H
(CF2H2)

-

—

3.5
(0.3)

4.7
(0.3)

-

-

0.1
(0.2)

0.2

11.5
(0.2)

13.7
(0.3)

19.2
(0.4)

25.6
(0.1)

L a (trifluoro-
acetone)

0.08

0.2

0.01
(9.5)

0.05
(8.8)

2.9"

2.4 b

0.2

0.2

0.05
(2.4)

0.02
(4.8)

0.5

0.2

C3H7F
(acetone)

(54.2)

(37.3)

1.8

1.3

-

-

0.02

0.1

(0.5)

(0.8)

-

-

H2

(N2)

2.2

3.3

-

-

1.2

1.6

—

0.08
(31.7)

-

-

-

0.02

C2H4
(C2H6)

11.9
(0.8)

11.1
(0.9)

(0.5)

(0.4)

(0.7)

(0.9)

(0.4)

(0.5)

(0.4)

(1.6)

(0.4)

(0.2)
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Table 6. Compositions (in

Compound

Ba(ptfacac)2
Ba(hfacac>2
Ba(dpm)2
Ba(tfacac)2
Y(dpm)3

Y(ptfacac)3

Y(tfacac)3

Y(tfacac)3

Pr(ptfacac)3

" Initial ligand.

Temper-
ature/K

623
630
623
623
623
623
623
630
573

mol %) of the volatile products of the thermal decomposition

CO

35.7
46.2
33.2
38.9
20.7
30.3
42.9
39.3
40.5

b Trifluoroacetone

CO2

33.6
29.1

1.5
22.8
7.8

13.7
18.8
25.3
20.0

H2

0.2
-
4.3
-
0.04
0.1
-
—
0.2

CH4

(CF4)

4.3
(2.0)
6.2
4.7(10.3)
0.4
3.0(11.3)
2.4(7.7)
(5.2)
0.15

CF3H
(CF2H2)

4.5 (0.2)
15.6(0.2)
-
3.0

—
0.9 (0.4)
0.01 (0.7)
7.0(1.5)

12.2

C2H6

(C2F6)

0.5
(0.2)
0.9
0.5
3.1
10.3
4.1
(0.2)
0.2

of metal P-diketonates (degree of decomposition 0.3).45~

C2H2F
(C2F4)

_

0.2(1.3)
-
0.8
—
(0.8)
-
0.6
—

C3H6

(C3H8)

2.5(7.5)
—
23.8
-
10.0
2.6(1.1)

-
—

—

iso-C4H8

(iso-C4H10)

4.2 (0.2)
_
13.3
—
3.7
4.2(1.6)

—
—
14.0

Methyl
pivaloyl
ketone

6.4
3.8 b

5.8
—
13.4
10.3
—
—
4.6
8.1 b

4 7

L a

0.2
1.4
0.4
0.1
0.1
0.4
0.2
0.2
-

stability of these compounds in the thermal decomposition
reaction falls with increase in the atomic number of the metal:44-45

Ca(tfacac)2 > Sr(tfacac)2 > Ba(tfacac)2.

For the complexes M(ptfacac)2 (M = Ca, Sr, Ba), the kinetic
stability series assumes the following form:

Ca(ptfacac)2 > Ba(ptfacac)2 > Sr(ptfacac)2.

A study has been devoted to the radiation-induced thermal
decomposition of zinc and cadmium acetylacetonates.81 Zinc
acetylacetonate is thermally less stable than cadmium acetyl-
acetonate. The decomposition curves are S-shaped and, after the
sigmoid section, there are long linear sections on the curves. The
activation energies corresponding to the sigmoid and linear
sections of the decomposition curves have been found.

3. Thermal decomposition of Group III metal P-diketonates
The thermal stability of aluminium P-diketonates, investigated by
the DTA method, decreases in the following series:43

Al(dpm)3 > Al(acac)3 > Al(ptfacac)3 > Al(tfacac)3.

As for copper,74 calcium,44 strontium,44 and barium45 P-diketo-
nates, the introduction of the trifluoromethyl group into the
ligand decreases and the introduction of the tert-buty\ group
increases the thermal stability of the aluminium complexes. In
the Al, Ga, and In group, a successive decrease in the thermal
stability of the trifluoroacetylacetone complexes with increase in
the atomic number of the element is observed.43

The study of the thermal decomposition of aluminium
acetylacetonate in the gas phase, which we carried out by the
manometric method, showed that, at temperatures in the range
657 - 723 K, the degree of decomposition of the reactant is
independent of the initial pressure in the range from 130 to
200 GPa. The kinetic decomposition curves at low temperatures
are autocatalytic in character, which is induced by the aluminium
oxide formed. With increase in the decomposition temperature,
the autocatalytic character of the curves vanishes as a consequence
of the high rates of decomposition. The first-order rate constant
calculated for 723 K is 4.1 x 10 ' s~'. The activation energy for
the overall process, calculated by the method involving the
transformation of the kinetic curve, is 68.1 kJ mol~'. The
primary product of the gas-phase decomposition is acetyl-ace-
tone, which decomposes to acetone and carbon dioxide. The
following substances have been found (mol %) among the
products of the total pyrolysis of aluminium acetylacetonate at
673 K: acetylacetone (0.3), diacetyl (0.17), carbon dioxide (33.81),
butane (9.54), methane (1.49), dimethylfuran (0.35), acetone
(44.67), carbon monoxide (6.90), ketene (0.84), hydrogen (1.54),
and unidentified products (0.7). The addition of oxygen accel-
erates the decomposition.

The trifluoroacetylacetonate chelates of other trivalent metals
can be arranged in the following sequence in terms of their thermal
stability:68

Cr(tfacac)2 > Sc(tfacac)3 > Fe(tfacac)3 > Mn(tfacac)3.

The thermal decomposition of yttrium acetylacetonate
takes place in the solid phase similarly to that of the barium
analogue.73 The gaseous products of the total pyrolysis of yttrium
acetylacetonate at 573 K have the following composition (mol %):
acetone (80.0), ethanol (0.4), ethene (carbon monoxide) (8.7),
ethyl methyl ketone (0.2), carbon dioxide (1.0), water (0.4). On the
other hand, the decomposition of the fluorine-substituted yttrium
P-diketonates takes place in the gas phase in accordance with the
kinetic law for a first-order reaction (Table 4).46 From 2 to 8
moles of volatile products are evolved per mole of the compound
decomposed depending on the temperature and the nature of the
ligand. The ligand in the complex Y(tfacac)3 undergoes degrada-
tion to the greatest extent, whilst those in the complexes Y(dpm)3

and Y(tfacac)3 are least degraded. The kinetic stability of yttrium
P-diketonates diminishes in the sequence

Y(dpm)3 > Y(ptfacac)3 > Y(tfacac)3 > Y(hfacac)3.

This sequence agrees well with the inductive influence of the
rerf-butyl and trifluoromethyl groups on the reaction centre. The
electron-donating /er/-butyl groups strengthen the Y - O bond,
which leads to a greater thermal stability of the compounds
Y(dpm)3 and Y(ptfacac)3 compared with the fluorine-substituted
analogues Y(tfacac)3 and Y(hfacac)3, in which the strongly
electron-accepting CF3 groups weaken the Y - O bond. Thus the
introduction of fluorine atoms into the ligands of the yttrium
chelates not only increases the volatility but also diminishes the
thermal stability of the complexes.

Evidence indicating a homogeneous-heterogeneous thermal
decomposition of yttrium complexes as well as the accelerating
effect of oxygen on the rate of thermal decomposition has been
observed. The thermal decomposition of yttrium complexes is
accompanied by far-reaching degradation of the ligands with
formation of a wide range of products, including fluorine-
containing hydrocarbons (Table 6).

Among the lanthanide derivatives, the kinetics of the thermal
decomposition have been investigated only for the complex
Pr(ptfacac)3 (Table 4).47 The thermal decomposition of the
praseodymium complex in vacuo takes place in the gas phase
and is described satisfactorily by the kinetic equation for a first-
order reaction. About 4 moles of gaseous products are evolved per
mole of the compound decomposed, the main products being CO
and CO2, which indicates a far-reaching degradation of the ligand
(Table 6).
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4. Thermal decomposition of Group IV - VII metal
p-diketonates
The kinetic and activation parameters of the gas-phase thermal
decomposition of titanium, vanadium, and vanadyl acetylaceto-
nates in vacuo have been investigated.82-83 The acetylacetonate
derivatives of trivalent and tetravalent vanadium have compar-
able reactivities (Table 4). On the other hand, the replacement of
the central metal atom has a much greater influence on the
thermal stability of the acetylacetonates than the oxidation state
of the metal. The thermal stabilities of the compounds investi-
gated diminish in the sequence

V(acac>3 > VO(acac)2 > Ti(acac)3.

The complex homogeneous-heterogeneous character of the
decomposition reactions of these compounds has been demon-
strated. As in the case of the barium,45 calcium,44 and strontium 44

chelates, a decrease in the rate constant for the thermal decom-
position of vanadium acetylacetonate is observed with increase in
the surface area, whereas the nature of the surface does not
influence the rate of the process. The principal volatile products
of the thermal decomposition of vanadium acetylacetonate at
703 K and for low degrees of decomposition were (in moles per
mole of the reactant decomposed): acetone (2.0), carbon dioxide
(2.5), carbon monoxide (1.2), xylene (0.14), hydrogen (0.11),
butene (0.29), and an unidentified product (with m/e 86) (0.02).
Similar products have been detected also in the decomposition of
vanadyl acetylacetonate. The set of kinetic and analytical data
indicates the preferential operation of an intramolecular pathway
leading to the decomposition of these compounds. However, the
influence of the addition of substances which might serve as
initiators of a radical process (acetone, oxygen) indicates
indirectly a small contribution of the radical decomposition
path. Thus the addition of acetone and oxygen increases the rate
constants for the decomposition of vanadium and vanadyl
acetylacetonates. The same trends have been observed in the
pyrolysis of the copper,7 3 7 5 yttrium,46 barium,45 calcium,44

strontium,44 and aluminium43 chelates. The formation of the
acetylacetonyl radical has also been postulated in the pyrolysis
of the metal chelates.84

The thermal decomposition of zirconium acetylacetonate has
been investigated by the DTA method under an inert atmosphere
at temperatures from 293 to 773 K.21 The process takes place in
two stages. In the first stage (453 K), the displacement of two
chelate ligands as a result of coordination polymerisation and the
formation of an intermediate polymeric product are observed; in
the second stage (623 K), zirconium dioxide in the cubic modifica-
tion is formed. In contrast to the acetylacetonate derivative, the
decomposition of the complex Zr(ptfacac)4 takes place in one
stage. It involves the dissociation of the bonds within the chelate
ligand with formation of volatile low-molecular-mass products.
This decomposition path is associated with the absence of ot-
hydrogen atoms from the side chains, which would lead to the
possibility of the radical recombination of the carbon chains. On
further heating, zirconium dioxide passes from the cubic to the
pure monoclinic form.

The thermal decomposition of the bismuth chelates
Bi(tfacac)3, Bi(hfacac)3, and Bi(ptfacac)3 in the vapour and
solid phase has been investigated in helium and oxygen
streams.71 The most characteristic gas-phase products of the
thermolysis of the bismuth chelate vapours were the (3-diketones
and their fragments. The complex Bi(ptfacac)3 decomposing at a
temperature above 573 K, showed the highest thermal stability.
This complex shows a smaller tendency to form oligomers owing to
the steric hindrance generated by the bulky substituents in the
ligands within the octahedral bismuth complex. The increase in the
steric factor as a result of the replacement of the Bu' groups by
MeOCMe2 rules out almost completely the possibility of
dimerisation of the molecules.

Comparison of the thermal stabilities of chromium(Hl) and
manganese(IIl) acetylacetonates and their alkyl and fluorine-

substituted derivatives, carried out by the DTA method in
terms of the initial decomposition temperatures, shows that the
chromium chelates are more stable than the manganese chelates.80

The pyrolytic decomposition of the p-diketonates of manga-
nese(III) in an unstable oxidation state is accompanied by the
transition of the central metal ion from the trivalent to the divalent
state and the liberation of the ligand. It has been suggested that
this process proceeds via a radical mechanism.80

5. Thermal decomposition of Group VIII metal P-diketonates
The thermal stability of iron(m), cobalt(II), cobalt(III), and
nickel(II) p-diketonates in the solid phase has been investigated
by the DTA method.80 The thermal stability of divalent metal
acetylacetonates increases on passing from cobalt to nickel:
Co(acac)2 < Ni(acac)2. The thermal stability of the chelate nickel
acetylacetonate complexes with bulky alkyl substituents increases
in the sequence

Ni(acac)2 < Ni(dprm)2 < Ni(dbtm)2

< Ni(dpm)2 < Ni(dkm)2.

Ni(divm)2

This agrees with the increase in the number of carbon atoms in the
alkyl substituents. A similar sequence has been observed also for
cobalt(II) chelates. The thermal stability of these chelates depends
on the electron-donating effect of the alkyl group, which increases
the basicity of the ligand oxygen atom and this increases the
strength of the M —O bond. At room temperature, the alkyl
derivatives of cobalt(ll) and nickel(II) have a polymeric octahedral
structure. An increase in temperature favours the formation of
chelates with a square planar structure in the liquid phase. This
tendency intensifies with increase in the bulk of the alkyl
substituents owing to steric hindrance. Near the temperature of
the onset of decomposition, the axial M — O bond in cobalt(ll) and
nickel(H) p-diketonates is weakened, whilst the equatorial bond is
strengthened. If one considers the decomposition of metal
P-diketonates with the dissociation of the equatorial M —O
bond, then the p-diketonates with less bulky alkyl substituents,
which favour the formation of a polymeric hexacoordinate
structure, should be less stable.

The influence of the structure of the compound on the
thermal properties of the nickel complexes Ni(acac)2, Ni(dpm)2,
Ni(acim)2, and Ni(tfacim)2 has been traced.72 The introduction of
the trifluoromethyl group into the ligand instead of the methyl
group increases the thermal stability of the nickel acetylacetonate
complexes and decreases the stability of the imino-derivatives.
The thermal decomposition of the P-diketonate derivatives of
nickel proceeds via a mechanism involving an intramolecular
rearrangement with evolution of the free P-diketones into the gas
phase. A second decomposition path with formation of a ligand
radical operates for the ketoiminate complexes, the contribution
of this path increasing with temperature. In the presence of
hydrogen, the main products of the decomposition of all the
nickel(II) complexes investigated are the free ligands.

Iron(HI) acetylacetonates and alkylacetylacetonates are more
stable than the analogous cobalt(III) compounds. The thermal
stability of cobalt(III) P-diketonates increases in the sequence

Co(acac)3 < Co(dprm)3 < Co(dbtm)3 < Co(dibtm)3 <

< Co(dkm)3 < Co(divm)3 < Co(dpm)3 .

A similar trend has also been observed for iron(III) P-diketonates,
which is consistent with the increasing bulk of the alkyl substi-
tuent. The pyrolytic decomposition of cobalt(III) and iron(IIl)
(an unstable oxidation state of the metal) P-diketonates is accom-
panied by the transition of the central metal ion from the trivalent
to the divalent state and the liberation of the ligand. It has been
suggested that the decomposition of these compounds proceeds
via a radical path.

The characteristic features of the thermal decomposition of
palladium, iridium, rhodium, and platinum p-diketonates have
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been examined.49-80-85 The dependence of the thermal stability of
the P-diketonates of these metals on the type of substituents in the
ligand is weak.49 One can only confirm fairly unambiguously the
ability, frequently noted above, of the fer;-butyl group to increase
somewhat the thermal stability of the complex. It has been noted
for palladium(II) P-diketonates that the unsubstituted acetyl-
acetonates have a higher thermal stability than the acetylaceto-
nates with bulky alkyl groups.80 The palladium complexes are
characterised by a larger contribution of the ring conjugation than
other metal chelates by virtue of the Jt-bonding (pn-dn) nature of
the M —O bond. The alkyl substituents in these ligands exhibit
hyperconjugation, which disrupts the resonance in the ring-
conjugated systems and this increases the contribution of
jt-bonding in the M — O bond. Problems concerning the influence
of substituents in the cis- and frans-positions in rhodium
complexes with asymmetric substitution in a planar chelate ring
have been examined on the basis of IR and NMR spectroscopic
data.86-87 The inductive effect of the alkyl substituents on the
free energy of the gas-phase oxidation of ruthenium p-diketo-
nates has been studied: Ru(acacb, Ru(dprm)3, Ru(dbtm)3,
Ru(dibtm)3, and Ru(divm)3.88 It was shown that it varies
from — 200.6 kJ mol~' for the complexes with methyl
substituents to —150.5 kJ mol^1 for the complexes with tert-
butyl substituents. The one-electron oxidation energy varies from
— 79.4 to —66.9 kJ mol~' and is not correlated with the size of
the alkyl substituent.88 The replacement of one of the donor
oxygen atoms by nitrogen in the palladium, iridium, rhodium, and
platinum complexes leads to an increase in the gas-phase thermal
stability of the complexes. The products of the thermal
decomposition of these compounds contain considerable
amounts of the noncoordinated ligand molecules.85

IV. Conclusion
The above analysis of the literature data concerning the influence
of the nature of the metal and the substituents in the P-diketone on
the volatility and thermal stability of metal P-diketonates shows
that the volatility of the complexes depends to a large extent on the
nature of the substituent in the p-diketone, while their thermal
stability is determined both by the nature of the metal and that of
the substituent in the ligand.

Unambiguous rules governing the variation of volatility and
thermal stability as a function of the atomic number of the metal
have not been established. The kinetic stability of the metal
P-diketonate complexes M(tfacac)n [M = Ca, Sr or Ba (n = 2)
and Al, Ga, or In (n = 3)] decreases successively in the thermal
decomposition reaction with increase in the atomic number of the
metal: Ca > Sr > Ba, Al > Ga > In.

The parallel variation of the volatility and thermal stability of
the complexes M(tfacac)3 (M = Al, Ga, In) has been observed.
The volatility of these compounds diminishes with increase in the
atomic number of the element, which is associated with the
characteristic features of the electronic structures of these com-
pounds.89 For M(tfacac)2 (M = Ca, Sr, Ba), the opposite
variation of this kind is observed: the volatility of the complexes
increases with increase in the atomic number of the metal. The
variation of the thermal stability with increasing atomic number
of the metal presented above does not hold for the complexes
M(tfacac)3 (M = Sr, Cr, Mn, Fe). Their thermal stability and
volatility vary in the following series of metals respectively:

Cr > Sc > Fe > Mn;

Sc > V > Cr > Fe > Co.

A clear-cut dependence of the thermal stability on the atomic
number also does not occur for the acetylacetonate complexes of
monovalent, divalent, and trivalent metals. The thermal stability
of the complexes is influenced not only by the energy of the M — O
bond, determined by the nature of the metal, but also by the steric
structure of the complexes, the possibility of the formation of

oligomers, and the phase in which the thermal decomposition
takes place. The rate of the gas-phase pyrolysis is determined by
the type of reaction — homogeneous, heterogeneous, and homo-
geneous-heterogeneous — and also by the type of the rate-
limiting stage.

In the study of the kinetics of the thermal decomposition of
fluorine-substituted calcium, strontium, and barium P-diketo-
nates, the decrease in the rate constant for the thermal decom-
position of the chelate with increase in the surface area of the
reactor can be clearly traced, whilst in other cases it is rarely
manifested. This may be associated with the retardation of the
rate-limiting stage of the thermal decomposition — the conversion
of the bidentate ligand into a monodentate one with subsequent
splitting off of the free ligand.

A general rule is the increase, frequently emphasised in the
literature, in volatility and the decrease in the thermal stability of
the metal p-diketonates after the introduction of the trif luorome-
thyl group into the ligand. On the other hand, the introduction of
the tert-buty\ group decreases the volatility of the complex and
increases its thermal stability.

The influence of chain length of the alkyl substituents in the
P-diketone on the thermal stability of the chelates is determined by
the structure of the complexes. The thermal stability of the
cobalt(Il), cobalt(IIl), iron(III), and nickel(ll) complexes, which
have polymeric octahedral structure at room temperature,
increases with increase in the length of the alkyl group. This is
associated with the electron-donating effect of the alkyl group,
which strengthens the M —O bond. Among the palladium(II) and
copper(II) complexes, which have a square planar structure, the
acetylacetonate derivatives are more stable than the derivatives
with alkyl substituents. This has been attributed to the hyper-
conjugation effect of the alkyl substituents, which disrupts the
resonance in the ring-conjugated system of the chelate. A common
feature of the thermal decomposition of the metal p-diketonates
investigated is its acceleration in oxygen and also the complex and
homogeneous-heterogeneous character of the process.90

The principal aspects of the gas-phase thermal decomposition
of metal P-diketonates have been examined.91 ~95

The characteristic features of the mechanism of the thermal
decomposition of the chelates are determined by the presence of
two reaction centres — the M — O bond and the y-CH proton. It
has been suggested that the first stage of the thermal decomposi-
tion of the P-diketonates is the opening of the ring and the
conversion of the bidentate ligand into a monodentate one. This
is followed by decomposition via different paths:
(a) intramolecular decomposition with formation of the free
ligand and low molecular mass products:

ML n

n > m\

MSoiid + mHL + molecular products,

(b) decomposition with homolytic dissociation of the
metal-ligand bonds and the formation of the ligand radical L°:

ML' + L";ML2

ML2 2L' (for bis-P-diketonates);

(c) decomposition with far-reaching degradation of the organic
component of the complex, which results in the formation of both
low molecular mass and radical products:

MLn —»- (MC.̂ O^soiid + molecular and radical products,

x, y > 0;

(d) decomposition with dissociation of the C - O bonds and the
formation of gaseous products having the general formula
R'C(O)CH^CR2 (where k = 0, 2):

ML, — L ( n_i)M(OH)m+ OTR'C(O)CH2R
2,

k = 0; n >m;
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(e) decomposition with formation of a cyclic diketone as a result of
the intramolecular interaction of the opened chelate rings of two
ligands:

Me
\

e
\
C

O
/

ML, — - L(W_2)M(OH)2

L = Hacac, n = 3, 4.

(C2H5O)2

Depending on the type of terminal substituents in the ligand and
on the nature of the central metal atom, a particular decompo-
sition path operates. The thermal decomposition can proceed via
one of the paths enumerated or simultaneously via several.

Path (a) is the main one in the thermal decomposition of the
complexes Cu(dpm)2, Ru(acac)2, and Zr(tfacac)4. Thermolysis
of the vapours of palladium p-diketonates takes place simulta-
neously via paths (a) and (b). With increase in temperature, path
(b) becomes dominant. Path (c) operates in the thermolysis of the
vapours of the complexes Ru(tfacac)3 and Y(dpm)3. Both the free
ligand and its radical are absent from the products of the thermal
decomposition of the Ru(tfacac)3 vapour, the main bulk of the
latter comprising the CO, CO2 , H2O, and HF molecules and the
CF3 radical. Complexes for which the thermal stability is higher
than that of the ligand decompose via path (c).95 The threshold
decomposition temperature of these complexes is 763 ± 283 K.

The thermolysis of Ba(dpm)2 takes place simultaneously via
paths (a), (c), and (d) and includes in addition the depolymerisa-
tion reaction of the molecules and the oligomeric composition of
the gas phase does not then correspond to the composition of the
condensed phase. Thus the complex exists in the form Ba4(dpm)3
in the condensed phase, whilst in the gas phase it is present as a
mixture of trimers, dimers, and monomers.

The thermal decomposition of the complexes Al(acac)3,
Sc(acac)3, and Hf(acac)3 proceeds simultaneously via paths (a),
(c), and (d) near the threshold temperature, whereas the thermal
decomposition of Mg(acac)2 takes place via paths (a) and (c).95

A scheme for the thermal decomposition of the Al(acac)3 and
Sc(acac)3 vapours is presented below (the postulated species are
indicated in square brackets).

AT,

AT-,
HL + MeC(O)Me + CH2CO + solid phase (a)

ML3 |~">- MeC=CC(O)Me + [L2M(OH)] (c)

MeC=CHC(O)CH2Me=CHC(O)CH2 + [LM(OH)2]

J
MeC6H3OH + CH2CO

M = Sc, Al; L = C5H7O-:.

Each of the thermal decomposition paths operates in a particular
temperature range AT.

The path leading to the formation of the (CsH6O)2 species as
a result of the cyclic dimerisation of two ligands coordinated as
monodentate species on dissociation of the carbon - oxygen
(enolic) bonds with migration of a hydrogen atom from the methyl
group to the enolic oxygen atom of a neighbouring ligand has
been demonstrated. The cyclic diketone formed eliminates
ketene CH2CO and is converted into the more stable
3,5-dimethylphenol.

Me ,H
\
C—

/
HC

-I /
H2C—C

ML(n_2) CHMU,-2> C

C—CH, _ O — C
-(OH)2ML,,,_2)

//
O

\
M e

\ //
C-i-CH2--C// - -v-

HC CH
\ //
C—CH C

# I \
O-»—-H Me

H

H C ^ ^CH

OH

On the basis of this scheme, one can postulate a path leading to
the formation of metal oxides in the condensed phase.

2ML(OH)2 —*• M2O3(Soiid) + 2C2H6O(gas) + 3H2O(gas),

M = Al, Sc;

ML2(OH)2 —*• M02(soi,d) + 2C5H6O(gas) + 2H2O(gas),

M = Hf, L = C5H7O2.

The existence of path (c) for aluminium and scandium
acetylacetonates constitutes experimental confirmation that the
thermal decomposition is preceded by a stage involving the
thermal excitation of the molecules, in which the coordination of
the ligands changes from bidentate to monodentate (in terms of
the isolated molecules approximation).95

Paths (d) and (e) are characteristic of thermal decomposition
processes leading to the formation of oxides in the condensed
phase as a result of intramolecular reactions.

In virtually all cases, the presence of oxygen diminishes the
threshold decomposition temperature of the P-diketonates and
increases the rate of reaction.90-95 Under these conditions, there is
an appreciable increase in the fraction of simple molecular
thermolysis products such as CO2, CO, and H2O. The influence
of oxygen on the thermal decomposition process can be exerted in
two ways.95 If the reaction proceeds via path (a) with formation of
the free ligand, then oxygen participates quantitatively in the
reaction at the stage involving the oxidation of the free ligand. As
a rule, this occurs at a higher temperature than the temperature of
the onset of decomposition of the complex. On the other hand, if
the thermal decomposition takes place via path (b) or (d), virtually
all the gaseous products are oxidised immediately after the
threshold temperature has been exceeded. Paths (c) and (e) do
not then operate in the presence of oxygen. A similar situation is
observed also on path (c).

The influence of hydrogen on the thermal decomposition of
the metal P-diketonate vapours depends on the nature of the metal
and the ligand.95 In the case of the Ru(acac)3, Zr(tfacac)4,
Sc(acac)3, and Al(acac)3 vapours, the threshold temperature
increases by 283-353 K and the rate of thermal decomposition
falls, whereas the threshold temperature decreases for Ru(tfa-
cac)3. Such different effects of hydrogen on the kinetics of the
thermal decomposition process can be accounted for by the
specific interaction of the hydrogen adsorbed on the surface with
the molecules of the complex. Hydrogen does not influence
appreciably the composition of the gaseous products and the
path followed in the thermal decomposition of metal p-diketo-
nates.

Thus the kinetics, the thermal decomposition path, and
the composition of the condensed phase are determined by
the nature of the metal and the ligand in the complex and by the
decomposition temperature.
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Abstract. Data on the catalytic methods for the reduction of
P-ketoacids and their esters to the corresponding optically active
hydroxyacids and hydroxyesters with the aid of enzymes and
chiral heterogeneous and metal complex catalysts are surveyed.
The application of optically active hydroxyesters as chiral
synthons and monomers for the synthesis of biodegradable
polymers is examined. Procedures for increasing the optical
purity of the products are outlined on the basis of an analysis of
the literature data and the author's own results. The
bibliography includes 151 references.

I. Introduction
Optically active carboxylic hydroxyacids and their esters are key
intermediates in the biosynthesis and metabolism of aliphatic
acids, which are widely distributed in biological systems. A
number of chiral lower homologues of hydroxyacids are used as
chiral synthons in asymmetric syntheses of natural products and
medicinal preparations. The efforts of many investigators have
therefore been directed towards the search for new effective
methods of synthesis of the most important a- and P-hydr-
oxyacids and their esters and to the improvement of the already
known procedures for their synthesis by the enzymic reduction
of ketoacids '-2 or by the hydrogenation of the keto-group with
the aid of chiral heterogeneous and homogeneous catalysts.34

Optically active hydroxyacid esters have also attracted
special attention as promising chiral monomers for the synthesis
on an industrial scale of biodegradable polymers, for example of
the type Biopol (Zeneca Company, Great Britain).

Despite the interest shown in the development of methods of
synthesis of chiral P-hydroxyacids and their esters, publications
giving a compilation of data on the methods of synthesis of
these compounds together with their critical assessment are so
far lacking in the literature, although the increasing number of
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publications has led to an urgent need for such a survey. In the
present review, an attempt is made to fill this gap. Studies
carried out during the last ten years are mainly analysed. The
analysis considers principally the most thoroughly developed
methods: the reduction of ketoacids and their esters by the
enzymic procedure and with the aid of heterogeneous metallic
catalysts modified by optically active compounds. Less attention
has been devoted in the literature to the application of highly
effective chiral metal complex hydrogenation catalysts and one
can only hope for a development of this aspect in the future.

II. Optically active biodegradable polymers based
on P-hydroxyesters
Optically active polycondensation polymers are known to have
higher melting points (softening temperatures), higher degrees of
crystallinity, and better mechanical properties than racemic
polymers by virtue of the stereoregularity of their structure. For
example, the optically active polylactide

—O—CH—CO —

Me

is significantly superior to the corresponding polymer based on
the racemate as regards characteristics such as crystallinity,
melting point (< 449 K), and insolubility in a number of
solvents, these characteristics improving with increase in the
optical purity of the polymer.56

Polycondensation polymers based on carboxylic p-hydroxy-
acids and their esters, which participate in the metabolism of a
number of microorganisms and decompose when acted upon by
soil bacteria, have aroused particular interest. These polymers
constitute an ideal environmentally clean material for the
manufacture of polymeric articles because they decompose
biologically in waste after use.

An optically active polycondensation polymer is formed
from (R)-( — )-P-hydroxybutyric acid (HBA) or its esters when
they are acted upon by a number of microorganisms. It can also
be obtained by reducing ketoacids or the corresponding esters in
the presence of enzymes and heterogeneous or metal complex
catalysts.7-8 In a number of papers published after the first
communication about the synthesis of poly(hydroxybutyric
acids) (PHBA) from HBA,9 the properties of this lipid-like
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polymer are examined10 (the microbiological preparation of
PHBA has been surveyed11).

The polymer PHBA, accumulating in the cells of bacteria of
a particular species, serves as an energy storage material and
plays the same role as starch in plants.1213 The polymer,
containing on average 138000 units, can be isolated from the
bacterial mass in the form of hydrophobic 0.5 u,m grains. A
polymer with a molecular mass from 60000 to 1000000
(100-10000 HBA units) can be formed, for example, when the
system is acted upon by hydroxybutanolide-Co-A-polymerase.
The PHBA-PHVA copolymer is formed from a mixture of
HBA and P-hydroxyvaleric acid (HVA).

PHBA can be obtained by the usual fermentation methods
using laboratory equipment.14 Cell material containing up to
70% of PHBA is obtained by the fermentation of a 24%
aqueous solution of fructose acted upon by Bacto Nutrient Broth
(Difco). Pure PHBA is isolated by extracting the biomass in a
Soxhlet extractor with chloroform and is precipitated by adding
ether. This laborious procedure involves filtration for many
hours and treatment of the solutions, which requires the
consumption of large amounts of solvents. For example, 5 litres
of acetone has to be consumed in order to obtain 35 g of PHBA.

The polymer obtained, consisting of (/?)-( —)-HBA units, has
a 'head to tail' linear structure.12

(«)-MeCHCH2COOH

OH

• r MeCHCH2CO j - O H

H-t O L
The polyester, namely poly(ethyl p-hydroxybutyrate)

(PEHB), is a crystalline substance with a right-handed helical
structure 15-16 and weak optical activity. This polymer exhibits a
positive Cotton effect at a wavelength of 215 nm (in ethanol).13'14

In solution in chloroform and dichloroacetic acid, the PEHB
structure is analogous to that of proteins (helix-coil). For
certain proportions of the solvents, maintaining or loosening the
helical structure of the polymer (dichloroacetic acid and
ethylene dichloride), there is a sharp jump in optical activity. A
similar jump, corresponding to the helix-coil transition at
351 K, is also observed as the temperature is increased (Fig. 1).
With increase in molecular mass, the melting point rises from
350 to 473 K. The polymer is insoluble in water, methanol, and
dimethylformamide (DMF).

Thermal instability and sensitivity to the action of acids and
bases are characteristic of PEHB. It is thermoplastic and may be
used in the form of films, fibres, etc. A valuable property of
this polymer is its susceptibility to biodegradation. The
PEHB-PEHV copolymers, which began to be produced by
British companies (ICI, Zeneca, Marlborough Biopolymers Ltd)
in 1986, are of considerable interest.7

M365
293 313 333 353 7/K

40 60 80 [DCA] (%)

Figure 1. Dependence of the specific rotation [ a ] ^ of the PEHB polymer
on the solvent composition in the dichloroacetic acid (DCA)-methylene
dichloride (EDC) system (/) and on temperature in the 76:24 DCA: EDC
mixture (2) according to the data of Marchesault et al.12

Publicity announcements in the scientific and popular
chemical literature of the 1980s convey the sensational nature
of the discovery of these new polymers: 'Artificial polymeric
materials from bacteria',17 'A new procedure for the develop-
ment of polymers based on bacteria',18 'Back to nature — the
beginning of a new era of biopolymers',18 etc. The (R)-
EHB-(#)-EHV copolymer with different monomer ratios can
be obtained in yields up to 80% by the controlled fermentation
of glucose or fructose by the bacteria Alcaligenes eutrophus,1920

Hydrogenomonas eutropha,20 or Bacto Nutrient Broth.14

By depolymerising the copolymer produced, for example, by
ICI under the name Biopol TM, it is possible to obtain in a high
chemical yield (y) the corresponding monomeric optically pure
esters and, after their hydrolysis, also the optically pure
P-hydroxyacids.20"22 For this purpose, the crude cell material,
containing up to 70% of PEHB, is treated with Ti(OEt)4 in
ethanol and heated for 2 h at 388-433K. The mixture is
filtered, the solvent eliminated, and the product, (/?)-( — )-EHB
1, is distilled. The yield is 75%. The acid (/?)-(-)-HBA 2 is
obtained by the hydrolysis of EHB with 1 M KOH at 273 K.

PEHB-

PEHV-

MeCHCH2COOEt

OH
1

EtCHCH2COOEt

OH

MeCHCH2COOH

OH

The chemical yields and specific rotations of the optically pure
P-hydroxyacids and their esters obtained in this way are
presented below in Table 1.

Table 1. Optical characteristics of certain P-hydroxyacids and their esters.

Com-
pound

1

2

5

3

4

7b/K
{PI Pa)

353(2100)

358-360
(10)
—

363(2000)

333(20)

Tm/K

_

315-317

316-319

-

—

MD°/deg

-43.2 (t-5,
chloroform)
-24.5 (c 5,
chloroform)
-25.0 (c 6,
water)
-34.5 (c 5,
chloroform)
-19.0 (c 2.7,
chloroform)

y (%)
(OYf

90

93

(98)

65

94

Ref.

20-22

20-22

19,28

20-22

1

a Here and henceforth this formulation means that the specific rotation
[a]n has been measured at the given temperature and wavelength (589 nm,
Na D-line) in the solvent indicated (chloroform, water, etc.) at a concen-
tration c expressed as the number of grams of the compound under
consideration (1 g of EHB, 5 gof HBA, etc.) in 100 ml of the solution in a
layer 1 dm thick. b O Y is the optical yield (%) defined as

or-

Optically pure (R)-(-)- and (S)-( + )-HBA have been
obtained by the resolution of the racemic acid via the quinine
and strychnine salts.21 The configuration of the acid (S)-( + )-
HBA is genetically linked to that of (5)-( + )-lactic acid:

CH2COOH

HO—C—H — »

Me
S-( + )-HBA

COOH

HO—C—H .
1

Me
(S)-( + )-lacticacid
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P-Hydroxyacid esters are unstable: during storage at room
temperature, they give rise to oligomers, this tendency increasing
in the series of esters Pr1 < Et < Me. Since the oligomerisation is
catalysed by alkalies and acids, the ester to be stored must be
carefully purified. The usual acetoacetic ester contains
admixtures of dehydroacetic acid, methyl 3-acetoxypropionate,
and diketene, which influence significantly the catalytic
asymmetric hydrogenation of the ester.23 For this reason, it
is best to store EHB specimens in the form of the PEHB
polymer or to convert HBA into the silyl ester 4 : ' .i

4-24-28

MeCHCH2COOH

OH

Me3SiOCHCH2COOSiMe3

Me 4

The Fluka Company has suggested that the polymer (^?)-PHBA
be used as the starting material for the preparation of (/J)-HBA
5 (Table I)19-28 and (/?)-P-butyrolactone.14-25-26

III. P-Hydroxyacid esters as chiral synthons
The molecules of P-hydroxyacids are extremely reactive, which
makes it possible to obtain from them a wide variety of optically
active derivatives and chiral synthons used in the synthesis of a
number of medicinal preparations.2930 Certain examples of the
successful use of optically active hydroxyacids as chiral synthons
for the preparation of a number of chiral initial compounds are
presented below.31

MeCH(OH)CH2COOR — - ..

HOOCCH(OH)CH2COOH —*•

HOOCCH(OH)CH(OH)COOH

MeCH(OH)CH2CH2R

\7
o

-CH2CH2Br

•\7
o

O or

,CH2R

"CH2OR

R = OTs, Br

The Andeno Company used PPL lipase for the kinetic
resolution of the racemic glycidyl butyrate:32

CH2OCOPr CH2OCOPr -CH^OH

Antibiotics containing the p-lactam group belong to an
important class of medicinal preparations. In the synthesis of
carbapenem 6 and penem 7, the key intermediate is the
azetidinone 8, which is synthesised in two ways.

OH OH OSiMe2Bu'

X)Ac

O
COOH

O

Thus the Kanegafuchi Company (Japan)33 uses enzymic
reduction in the synthesis of P-EHB, while the Tagasago
Company (Japan)32 employs the chiral ruthenium complex
[Ru - BINAP] [BINAP = 2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl]34 in the reduction stage. In the latter case the
azetidinone is obtained with 0 7 = 9 8 % and de = 95%.t

t The symbol de denotes an excess of the diastereoisomer and ee denotes
an excess of the enantiomer, both expressed as percentages.

,COOH

ndida rugosa

o
.COOMe

O

NHCOPh

COOMe

"^NHCOPh

COOMe

,OAc

The acid (,R)-HBA is used to synthesise a number of
medicinal preparations. The depolymerisation of PHBA opens
an easy path to the formation of the chiral synthon EHB,
HBA, and a PHBA degradation product — the diol (/?)-
MeCH(OH)CH2CH2OH.14 (/?)- and (5)-2-Hydroxyglutaric
acids have also become readily available. (R )-Isobutyl lactate is
produced by the BASF Company. Carbomycin B,35 (R,R)-
pyrenophorin,36 gramimycin Ai ,37 sulcatol,2 lavandulol,38

colletodiol,37 and recifeiolid 39 belong to the class of medicinal
preparations the structures of which contain a fragment of the
chiral (7?)-EHB molecule. (y?)-P-Hydroxyiso-butyric acid,
produced by the Kanegafuchi Company by the microbiological
oxidation of isobutyric acid, can be used to synthesise the
inhibitor captopril40 via (-R)-P-acetylmercaptoisobutyric acid,
produced by the Andeno Company,41 while its enantiomer, (S)-
P-hydroxyisobutyric acid, is used in the synthesis of phytol — a
fragment of the vitamin E molecule.42-43

IV. Enzymic synthesis of P-hydroxyacids and
P-hydroxyesters
The bank of chiral natural optically active hydroxyacids consists
of an extremely limited number of compounds: (/?)- and (S)-
lactic, (R,R)-(+ )-tartaric, (S)-malic, and (S )-mandelic acids
and their esters. The enzymic and catalytic asymmetric syntheses
of these compounds therefore constitute an important source of
chiral P-hydroxyesters. P-Hydroxyacids and p-hydroxyesters in
the enantiomeric form are synthesised as follows:

by the kinetic resolution of the racemate with participation
of a chiral auxiliary compound;44

by the depolymerisation of polyhydroxyesters or poly-
hydroxyacids;14-45

by the microbiological reduction of ketoesters with the aid
of enzymes;14

by the catalytic hydrogenation of ketoesters on modified
metallic catalysts;3-4-46

by the catalytic hydrogenation of ketoesters on chiral
complex catalysts.47

The last three methods are of greatest interest.



332 E I Klabunovskii

The enzymic reduction of ketoesters to optically active
hydroxyesters was first achieved with the aid of baker's yeast in
1918.48 Although data2-49 indicating a high effectiveness of this
method were not subsequently confirmed,50 its improvement
made it possible to achieve an optical yield of EHB up to 85%
and above,45 while in a bioreactor (with continuous introduction
of the substrate and aeration) the yield was up to 96%.51 The
method was developed further52'53 and acquired preparative
value mainly as a result of the studies by Seebach.45-54 It proved
possible to employ the reduction of ketoesters with the aid of
baker's yeast {Saccharomyces cerevisiae) in practical organic
synthesis.32-51-54-55

High O Y values for the products are usually attained when
the concentration of the substrate in the fermenting solution
does not exceed 0.1%,51 while the reaction time is 30-130 h.
Under these conditions, the productivity of the process is
20-70 mg dm~3 h~ ' . However, the need to employ large
volumes of solutions, the long reaction time, the high
consumption of sucrose (or another organic reducing agent — a
hydrogen donor), the instability of the bacterial strain, the
impossibility of the repeated employment of the reducing
system, as well as the complexity of the isolation of the product
prevent the wide scale employment of this method.56-57

Furthermore, the selectivity of the enzymic reaction depends on
a number of factors, such as the nature of the enzyme,
the structure of the substrate molecule, and the reaction
conditions.58-59 For example, ketovalerate is reduced less
effectively than ketobutyrate.58-59

According to the standard method for the reduction of
acetoacetic ester [ethyl acetoacetate (EAA)] with the aid of
baker's yeast,45 the synthesis of 24 g of EHB from 40 g of EAA
requires the consumption of 600 g of sucrose and 200 g of yeast
and a vessel with a volume up to 5 litres has to be used. The
reaction time is 134 h with a process productivity of
0.068 g d m ^ h - 1 . The final product, (S)-( + )-EHB, is
obtained in 5 9 % - 7 1 % yield with 0 7 = 8 5 % . A similar
method is used to obtain BuHB (OK=90%).1 4 The optical
yield of HBA may be increased to 97% after several
recrystallisations of the derivative EHB 3,5-dinitrobenzoate.60

The optically pure EHB obtained had [a]D = +43.5° (c 1,
chloroform). The optical purity of EHB can be determined from
the 19F NMR spectrum of the ester comprising the Mosher
reagent.61

An improvement in the method for the reduction of EAA
also makes it possible to increase the optical yield of EHB to
95%. This is attained by the slow introduction of EAA into the
fermenting solution under aerobic conditions.51 The replace-
ment of 5%-15% of sucrose in the fermenting solution by
ethanol, glucose, fructose, glycerol, or mannitol62 also helps to
increase the OF of the hydroxyester.

Keeping the yeast in 5% aqueous ethanol for four days
before use in the reaction helps to activate it and to raise the
optical yield of the product to 95.9%.63"65 According to the
method of Ehrler et al.,66 a suspension of 125 g of baker's yeast
in 1 litre of 5% aqueous ethanol is stirred at 303 K for 4 days,

after which 5 g of EAA is added. After 2 - 3 days, the reaction
comes to an end (it is monitored with the aid of gas-liquid
chromatography). The mixture is centrifuged and the filtrate is
repeatedly extracted with ether for 4 days and the extract is
vacuum distilled. EHB is obtained in 70% yield with OY = 94%
and [OC]D = +40.9° (c 1, chloroform). Unfortunately this method
does not yield satisfactory results when applied to other
substrates, such as ketovalerate and fluorine-containing
ketoesters. Only 2-formylbutanoate could be reduced to (S)-
2-hydroxymethylbutanoate HOCH2CH(Et)COOEt in 70% yield
with 0 7 = 9 5 . 5 % . This product is an important chiral
synthon analogous to the Roche acid HOCH2CH(Me)COOH.67

According to the data published by the Hoffmann La Roche
Company, the latter product can be obtained with the aid of
Streptomyces griseu with OY not exceeding 86.3%.68

A strain of the Halobacterium halobium bacteria reduces
EAA to (S)-( + )-EHB with OY = 44%-76%, but the chemical
yield of the product is low and the reduction is accompanied
by hydrolysis of the ester to the acid. Hydrolysis of the
racemic ester EHB with the aid of the above strain leads to
(^)-(-)-EHB with OK= 88%.69

The reduction of ketoesters with the aid of the thermophilic
bacteria Thermoanaerobicium brockii {Th.b.) is carried out in the
usual laboratory apparatus or in a bioreactor70 by a procedure
similar to that used in the case of yeast. However, this strain is
sensitive to atmospheric oxygen and the reduction must be
carried out under an argon atmosphere. In contrast to yeast,
the strain reduces ethyl ketovalerate effectively to the (3-
hydroxyester (OY = 93%-97%).

Depending on the nature of the microorganism and the
structure of the substrate molecule, products with the (R)- or
(S)-configuration can be obtained by reduction of the
ketoesters. Table 2 presents comparative data obtained for
different substrates with the aid of baker's yeast and a strain of
Th.b.11 As can be seen, in certain cases the Th.b. strain is more
effective than baker's yeast and, furthermore, makes it possible
to obtain the other enantiomer of the hydroxyester.

Both enantiomers of the hydroxyacid may be obtained by
reducing the ketoacid in the presence of NADH (reduced
P-nicotinamide-adenine dinucleotide), bound to poly(ethylene
glycol) in a membrane reactor.72-73 The reduction of ketoesters
in a nonaqueous medium (in solution in isopropyl
hexadecanoate) by a suspension of a mixture of Asolectine
phospholipids produced by the Fluka Company and yeast
proceeds rather effectively (Table 3).74

Other examples of the influence of the structure of the
substrate molecule and of the introduction of aromatic
substituents or aromatic hexahydro-substituents into the
ketoester XCOCH2COOR on the configuration of the
enantiomers and diastereoisomers obtained75 are presented
in Table 4.

Apart from the asymmetric enzymic reduction of ketoesters
to obtain optically active hydroxyesters from hydroxyacids, it is
also possible to employ the enantioselective kinetic conversion
of the hydroxyester racemate by the enzyme. Thus the DSM

Table 2. The influence of the structure of the B-ketoester and of the source of the enzyme on the optical yield and the absolute configuration of the
P-hydroxyester formed.70-71

Initial
ketoester

EAA
EtCOCH2COOEt
ClCH2COCH2COOMe
PrCOCH2COOEt
HCOCH(Me)COOEt

Hydroxyester
obtained

EHB
EtCH(OH)CH2COOEt
ClCH2CH(OH)CH2COOEt
PrCH(OH)CH2COOEt
HOCH2CH(Me)COOEt

Baker's yeast, 303 K

configuration
of product

S
R
S
R
R

OY{%)

97
40
36
90
60

Th.b. strain, 345 K

configuration
of product

S
S
R
S
R

OY{%)

80
84
89
25
72
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Table 3. Reduction of B-ketoesters in solution in isopropyl hexadecanoate by a mixture of phospholipids and baker's yeast.7'

Ketoester Hydroxyester OY(%) Reaction
time /h

Enzyme: substrate
mass ratio

MeCOCH2COOBu'
F3CCOCH2COOEt

"COOEt

vCOOEt

MeCH(OH)CH2COOBu'
F3CCH(OH)CH2COOEt

'"'COOEt

''COOEt

91
58

99

99

96
120

24

19

10.6
11.8

46.6

14.0

OH

Table 4. The influence of the substituents in the ketoester XCOCH2COOR
molecule on the absolute configuration of the hydroxyester formed.

R

Et
Et
Et
Et
Et
Et
C aH,7

Et
PhCH2

K
K

X

Me
Me
Ph
CF3

CC13

C1CH2

C1CH2

BrCH2

N3CH2

CH2OCH2Ph
Me

Configu-
ration of
hydroxyester

S
S
S
R
S
R
R
S
R
S
S

OY

(%)

97
95
99
98
98
99
98
98
95
99

100

Micro-
organism

yeast
C.Kluyveri
yeast

C.Kluyveri
yeast
ti

Ti

it

tt

Ref.

51.65
50
53
76
76
50
63
77
77
78
52

Andeno Company has used successfully the lipase from
Pseudomonas fluorescens for the kinetic resolution of the ester.24

The product PhOCH(Et)COOEt is formed with OY = 99% and
a conversion of 57%.28

Examples of the effective enantioselective resolution of other
racemic hydroxyacids and hydroxyesters are known: thus, on
treatment with Candida rugosa, the acid HOCH2CH(Me)COOH
affords the (R )-product;79 on treatment with chymotrypsin, the
(/O-product is formed from PhCH(OH)CH2COOEt with
OY= 98%;80 EtC(Me)(OH)COOMe is hydrolysed by esterase
with formation of the (S)-product (OY = 98%);81 the product
of the conversion of MeCH(OH)CH(Me)COOEt by yeast has
the (2rt,3.S>configuration (de = 86% and OF=96%); 8 2 the
asymmetric resolution of the PhCH2CH(OH)CH(Me)COOEt
racemate on treatment with P.farinosa leads to the (2/?,3S)-
product with O F = 9 9 % . 8 3

p-Hydroxyesters can be obtained by reversible transester-
ification. The acid anhydride is used as the reversible acylating
agent. When acted upon by PS lipase, it gives rise to the (A)-acid
PhCH2CH2CH(OH)COOH 9 in 39% yield and with
OY = 99%.32

The synthesis of chlorine- and fluorine-containing
hydroxyesters by the reduction of the corresponding ketoesters
effected by baker's yeast is of interest.76

Cl3CCOCH2COOEt

F3CCOCH2COOEt

Cl3CCH(OH)CH2COOEt

S-10, (y = 70%, OY = 84%)

F3CCH(OH)CH2COOEt

R-ll

Crystallisation of the product 9 from methylcyclohexane
increases OF to 98%. The optical yield of the («)-(+ )-ester 11
on crystallisation from a pentane-ether mixture can be raised to
98%. The ester 11 has a configuration which is the opposite of
that of the product 10, whence it follows that, in conformity
with Prelog's rule, the CF3 group should have the same seniority
as the methyl group.

In conclusion, one should note that a number of companies
have achieved the enzymic synthesis of optically active
hydroxyesters. Thus the Kanegafuchi Company produces
(R )-P-hydroxyisobutyric acid by the microbiological oxidation
of n-butyric acid32 or by the fermentation of isobutyric and
methacrylic acids by a strain of C. rugosa. The cost of (S )-( + )-
MHB and (/?)-(-)-MHB is US $ 2.5 per gram. According to the
catalogue of the Aldrich Company, (R )-( —)-EHB with
[<X]D = —46° (c 1, chloroform) is sold at a price of US$ 9 per
gram, whilst the price of the racemate is smaller by a factor of
20.84

The synthesis of p-hydroxyacids and P-hydroxyesters by the
depolymerisation of PHBA and PEHB was examined above in
Section III.

V. Synthesis of P-hydroxyesters by the
hydrogenation of ketoesters on heterogeneous
dissymmetric catalysts
The asymmetrising activity of copper, nickel, and platinum
catalysts deposited on crystals of optically active quartz in
the asymmetric decomposition of racemic butan-2-ol was
first observed by Schwab and coworkers.85-86 Terent'ev and
Klabunovskii87 extended the studies on catalysts of this type
to other reactions. The enantioselectivity of such catalysts was
low, the optical yield not exceeding 1%. Akabori and
Izumi3 suggested that palladium bound to the fibroin of natural
silk fibres be used as the catalyst for the asymmetric
hydrogenation of the C = C bond in the prochiral precursors of
amino acids. Its effectiveness was fairly high (for example.
OY = 35.5% in the hydrogenation of azlactone), but there are
no literature data on the reproducibility of these results.
Nevertheless, the studies carried out have demonstrated the
important role of complex formation in asymmetric catalysis
and served as a stimulus for the development of dissymmetric
metallic catalysts of new types. Among the latter, we may
mention the skeletal Raney nickel catalyst and catalysts
modified by optically active amino acids or hydroxyacids, which
readily form complexes on the surface of the metal. As a result
of the modification, centres for enantioselective hydrogenation
arise on the surface of the metallic catalysts.

The choice of acetoacetic acid esters [methyl acetoacetate
(MAA)3 and ethyl acetoacetate (EAA)4] proved successful.
Methods for the preparation of effective catalysts have been
developed in relation to these substrates and the characteristic
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features of asymmetric hydrogenation have been investigated.
Almost 20 years of research were required to increase the O Y in
this reaction from 10%-15% to 90%-94%.

The achievements in this field have been surveyed in a series
of monographs3'4-87-88 and reviews.89"93 Factors influencing
the enantioselectivity of catalysts for the hydrogenation of
(3-ketoesters will be examined below and procedures for
increasing the optical purity of the hydroxyesters formed will be
outlined.

The effectiveness of the modified metallic catalysts * depends
significantly not only on the stereochemical properties of the
modifying agent and the substrate but also on the state of the
catalyst surface, its genesis, the nature of the salts used to
prepare the initial catalyst mass, the conditions in its reduction,
the degree of crystallinity of the catalyst, the size of the
crystallites, the nature of their size distribution, and the
adsorption and complex-forming capacities of the metallic
catalyst in relation to the molecules of the modifying agent and
the substrate (product).

According to Balandin's theory of hydrogenation,94 the
effectiveness of the hydrogenation depends significantly on the
hydrogen pressure. Since the modification of the catalyst alters
its activity usually by diminishing it, the reaction has to be
carried out at elevated temperatures and pressures. The
complexity of the dependence of OY in the MAA and EAA
hydrogenation reactions on the hydrogen pressure (P) has been
examined.95 In the hydrogenation of EAA on Ru-SiC>2-TA,
the optical yield O Y increases with increase in P, but, after the
attainment of a pressure of 7 MPa, it ceases to vary.96 On the
RCo-TA catalyst, the optical yield initially increases with
increase in P to 2 MPa and then remains constant up to
P = 8 MPa.97 On RNi-TA, the optical yield is independent of
hydrogen pressure in the range 5-10 MPa.98 When EAA is
hydrogenated in the vapour phase on HNi-TA, 9 9 1 0 0 a zero
order of the reaction with respect to hydrogen is observed in the
pressure range 10-14 MPa {OY = 17.8%).

The enantioselectivity of the hydrogenation of MAA on
deposited Ni-SiO 2 -TA and Ni-SiO 2 -TA-NaBr catalysts
depends significantly on the reaction conditions (hydrogen
pressure, MAA concentration, nature of the solvent). The
experiments have been performed 101 both in the kinetic region
(stirring rate 500-800 revolutions per minute), where the rate of
reaction and OY are independent of the stirring rate and are
proportional to the amount of the catalyst, and in the diffusion
region in a rocking autoclave with a MAA: Ni = 8 ratio. When
the experiments were carried out in the kinetic region on
Ni-SiO 2-TA, the optical yield of the (-)-MHB formed fell
from 50% to 30%-35% with increase in hydrogen pressure,
while on Ni -S iO 2 -TA-NaBr it hardly changed. Evidently,
treatment of the catalyst with NaBr imparts to it an increased
enantioselectivity and stability. In the diffusion region, O Y was
38%-40% and hardly changed as the pressure increased from
1.0 to 8.0 MPa, which agrees with the data of Lipgart et al.98 An
increase in OK when the reaction is carried out in the kinetic
region can be achieved by reducing P and by increasing the
MAA concentration in EtOAc (Fig. 2). A similar picture is also
observed when MeOH and THF are used as the solvent.

It is noteworthy that such effectiveness is attained only at
low pressures (0.2-1.0 MPa) and only in the initial stages of the
reaction (for degrees of conversion up to 15%). It is not stated
in the above communication 101 whether a similar variation is
retained at higher conversions. Data concerning the variation of

JThe following notation has been adopted in the literature:
RM = skeletal metallic catalyst of the Raney type; M - T A = catalyst
modified by (fl,7?)-tartaric acid (TA); M-S1O2-TA = deposited metallic
catalyst modified by TA; M-S iO 2 -TA-NaBr = catalyst modified by
TA with added NaBr; HM = catalyst obtained by reducing the metal
oxide in a stream of hydrogen.

OY(%)

90

50

10
0 50 [MAA] (vol %)

Figure 2. The influence of the MAA concentration in EtOAc on O Y in
the MAA hydrogenation reaction on the Ni-SiO2-TA catalyst
at pressures of 6.0 MPa (/) and 1.0 MPa (2) and on the
Ni-SiO 2 -TA-NaBr catalyst at a pressure of 1.0 MPa (3). Degree of
conversion 15%.101

OY during the reaction are also lacking. Nevertheless the
practical value of the proposed methods for increasing the
enantioselectivity of the process depends precisely on this factor.

The substrate: catalyst ratio is also important. The
maximum optical yield in the hydrogenation of EAA at
pressures of 0.1 and 10 MPa has been achieved98 for the ratio
EAA:Ni = 10-20. The independence of OK on the degree of
conversion was also noted. This shows that, under the given
conditions, the reaction is a kinetically controlled process and
the product does not racemise during its occurrence.

In certain cases, O Y varied as a function of the degree of
conversion and the nature of the solvent simultaneously with the
variation of the overall rate of reaction w due to the inhibition
of the latter by its product.

The antiparallel variation of O Y and w during the reaction
has been noted.95102 Thus OY decreased with increase in the
rate of hydrogenation of MAA on RNi-TA.102 The optical
yield also changed with increase in the degree of conversion:103

it reached 56.4% for a conversion of 10% and then fell.
According to Balandin's theory of hydrogenation,94 the

product may inhibit the reaction if the adsorption coefficients of
the substrate and the product differ greatly. Chernysheva and
coworkers104-105 showed for the first time that the addition of
( — )-EHB to a solution of EAA inhibits the enantioselective
hydrogenation of the latter on RNi-TA and lowers OK as a
result of the preferential adsorption of (— )-EHB on the selective
centres. According to the data of Chernysheva and
coworkers,104'105 the ratio of the adsorption coefficients of
( —)-EHB and EAA is 3:2. As a consequence of this, OY
decreases, as can be seen from Fig. 3, where the results of
Chernysheva et al.104 are compared with those of Nitta et al.106

The relative adsorption coefficients were calculated 104 by
the equation94

1 1
w kC2/C^ k'

where b\ and bi are the relative adsorption coefficients and C\
and C2 are the concentrations of EAA and EHB respectively.

When the reaction is inhibited by the EHB racemate,
b2'.b\ = 1:2. It follows from the data of Chernysheva et al.104

that the degree of adsorption of ( —)-EHB on the selective
centres exceeds that of ( + )-EHB. The introduction into the
EAA solution of other strongly adsorbed substances, for
example catalyst poisons such as pyridine, thiophene, or amines,
exerts a strong inhibiting effect on the enantioselective reaction,
the effectiveness of the additives increasing in the sequence
( + )-EHB < (-)-EHB < pyridine < thiophene.104

For example, the addition of pyridine in the initial stage of
the hydrogenation of EAA (for degrees of conversion up to
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Figure 3. Dependence of O Y on the concentrations of the additives in the
hydrogenation reactions of EAA on RNi-TA (I)104 and of MAA on
Ni - SiO2 - TA (2)106. The additives are (-)-EHB in the first case and ( - )-
MHB in the second.

5% -10%) increases 0 7 as a result of the preferential
adsorption of this inhibitor on the nonselective centres which
were not protected in the modification by the adsorbed TA.
Afterwards, as the degree of conversion increases, OY falls
almost to zero. In the hydrogenation of EAA on the HNi-TA
catalysts, the addition of pyridine and butylamine increases O Y
in the initial stage of the reaction from 11% to 17% and 50%
respectively." After the introduction of pyridine or thiophene,
the optical yield for y = 10% increased from 7% to 12% and
from 2.5% to 11.5% respectively.105 Chernysheva and
coworkers 1 0 4 1 0 5 determined the optical yields polarimetrically,
taking into account the change in the specific rotation of EHB
for low degrees of conversion (y ^ 7%):

lg[a]D = 1.55-0.2 lg>'.

A significant increase in O 7 in the hydrogenation of
MAA101 was achieved by adding unsaturated compounds,
which are hydrogenated preferentially on nonselective centres.
The fraction of enantioselective centres on which MAA is
hydrogenated increases under these conditions (Fig. 4).

The addition of benzene, which is not hydrogenated under
these conditions, also ensures an appreciable increase in OY.

30 -

0.0 0.1 0.2 0.3 0.4 0.5
Concentration of the additive (mol. fraction)

Figure 4. The influence of added benzene (/), cyclohexene (2), and ethyl
acetate (3) on the optical yield of (— )-MHB in the hydrogenation of MAA
on Ni-SiO 2 -TA (pressure 1.0 MPa, degree of conversion 15%).101

However, its use as a solvent in the hydrogenation of MAA
lowers OY, apparently as a result of the displacement of TA
from the modified centres of nickel.

A complex pattern in the variation of OY in the
hydrogenation of MAA on RNi-TA catalysts prepared by
different procedures (the 1:1 Ni-Al alloy was leached with a
20% NaOH solution at different temperatures in the range
278-353K) has been noted.103 When the reaction was carried
out on the most active catalyst, a flat maximum (OY = 18%)
was observed on the curve relating OY to the degree of
conversion at y = 70%, whereas in the case where less active
catalysts were employed the maximum optical yield
(45%-50%) was attained at y = 25%.

Table 5. Chemical and phase composition of the RNi-TA catalysts.105

Composi-

tion (%)

Chemical

Ni
Al
Cr
Ti

Phase

NiAl3

Ni2Al3

Bayerite
Ni
Al

a Cr + Ti.

Alloy specimen

1

50.0
50.0
—

-

90.0

2

45.2
51.2

3.6 a

-

25.1
74.9

3

38.3
59.7

2.0'-1

-

51.2
48.8

Catalyst specimen

2

79.1
17.7

1.0
2.1

3.0
91.5

5.4

3

91.4
8.5
0.10
0.03

2.1
97.9
0.0

The variation of O Y with v is influenced by the chemical and
phase compositions of the initial Ni-Al alloys (Table 5).105 A
decrease in the nickel content, i.e. an increase in the content of
the intermetallic compound NiAh in the alloy, promotes a more
complete removal of aluminium in the leaching of the alloy (cf.
the catalyst specimens 1-3 in Fig. 5), which should apparently
increase OY in the hydrogenation of EAA for low degrees of
conversion (y = 10%-30%). However, as can be seen from
Fig. 5, the dependence of OY on y is complex and for this
reason comparison of the enantioselectivities of different
catalysts only for low degrees of conversion, as was done,

H» /mmol min ~'

10 -

80 y(%)

Figure 5. Dependence of the optical yield OY(1,2,3) and of the rate of
hydrogenation of EAA w (]', 2', 3') on the degree of conversion y on
specimens of the RNi -TA catalyst obtained from alloys with different
initial compositions 105 (Table 4):
(1,1') specimen 1; (2, 2 ' ) specimen 2; (3, 3') specimen 3.
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for example, by Nitta et al.,101 is clearly inadequate: it is
necessary to follow the variation of O Y over the entire range of y.

The nature of the dependence of O Y on y is also influenced
by the strength of the bond between hydrogen and the catalyst
surface. Catalysts obtained from NiAb are known to contain a
greater amount of weakly bound hydrogen than catalysts
prepared from alloys in which the intermetallic compound
Ni2Ab predominates (specimen 5).1 0 4 1 0 5 A higher optical yield
is attained on the latter.

Another way of increasing O Y is by controlling the degree of
dispersion of the catalyst metal on the carrier surface. As was
shown for the first time by Klabunovskii and coworkers,4-107 the
quantity OY in the hydrogenation of EAA on the
Ru-SiO2-TA catalysts depends significantly on the degree
of crystallinity of ruthenium. The optical yield increases with
increase in the catalyst reduction time and attains its maximum
value for an average size of the crystallites of 4.5 nm. On the
catalyst with 8.0 nm crystallites, the enantioselectivity of the
hydrogenation reaction diminishes (Fig. 6).

1.0

0.6

0.2

8 12 [Ru](%)

Figure 6. The influence of the metal content in the Ru-SiCh-TA
catalyst on its asymmetrising capacity — on [«]D for the product — in
the EAA hydrogenation reaction. The preliminary catalyst reduction
times were 0.5 h (/) and 5 h (2). Points a, b, and c on curve 1 correspond
to ruthenium crystallite sizes of 1.6, 4.5, and 8.0 nm respectively.4

The important role of the size of the crystallites and of their
size distribution was confirmed in a study of the enantioselective
hydrogenation of MAA on the Ni-SiO 2 -TA catalyst.108 By
varying the conditions in the preparation of the catalyst, it was
possible to achieve a narrow peak in the size distribution of
nickel crystallites on the surface. Ni -TA catalysts (without a
carrier) of different composition were investigated:109 nickel
boride (Ni-B), nickel phosphide (Ni-P), Raney nickel (RNi),
and nickel black obtained by the decomposition of nickel
formate (DNi) or by the reduction of NiO (HNi). The HNi-TA
(07=56 .2%) , DNi-TA (42.3%), and RNi-TA (26.7%)
catalysts exhibited the highest enantioselectivity. On the Ni -B
and N i - P catalysts, the optical yield did not exceed 3 % - 5 % .
Their low enantioselectivity was attributed to the crypto-
crystallinity of the Ni phase (it is X-ray amorphous) and also
to the strong adsorption of TA.110 After the modification of the
N i - B catalyst by tartaric acid, the latter was adsorbed in
an amount of 4.9 x 10~3 mmol g"1 , which is 9 times
greater than on RNi. Careful washing of the N i - B - T A
catalyst and its treatment with a solution of alkali led to the
removal of boron from the surface and to a decrease in the TA
content on the surface to 0.5 x 10~3 mmol g"1 . As a result, the
optical yield in the hydrogenation of MAA increased to 26.7%,
while the N i - B - T A catalyst was virtually converted into
HNi-TA as a result of the liberation of part of the surface.

According to the data of Nitta et al.,109 the adsorption of
tartaric acid on the catalyst surface in an amount exceeding that
required for the specific modification of the surface does not
influence significantly the enantioselectivity. This conclusion
conflicts with data9 9 1 0 0 indicating a linear increase in OY with
increase in the fraction of the TA dianion on the DNi surface.

The increase in the size of the nickel crystallites from 6 to
20 nm increases OY from 36.1% to 54.9%. l u This can be
accounted for with the aid of a stereochemical model of the
catalytically active centre,4 according to which the accommoda-
tion of the catalytic complex on the surface of the enantio-
selective catalyst requires fairly large crystalline formations
(faces, planes). This view is confirmed also by data n 0 according
to which the reduction of NiO leads to the formation of
cryptocrystalline, almost amorphous, nickel, which does not
exhibit enantioselectivity after modification.

The high effectiveness of the coarsely crystalline TNi-TA
specimens 109 is attributed to the presence in this catalyst of
impurities remaining after the decomposition of the formate.
These data also agree with the previously proposed model4 and
confirm the influence of the crystallinity of the metal on its
enantioselectivity. Since cryptocrystalline nickel catalysts are
ineffective in asymmetric hydrogenation, in order to increase the
enantioselectivity of the MAA hydrogenation reaction it is
desirable to produce a catalyst with relatively large crystallites
having uniform dimensions.108110"115

It had been noted earlier 4 that aluminium oxide is relatively
unsuitable as a carrier for asymmetric hydrogenation. Thus the
RU-AI2O3-TA catalyst did not exhibit enantioselectivity in the
hydrogenation of EAA, whereas Ru-SiO2-TA had a weak
activity. This can be explained by the fact that ruthenium
interacts much more strongly with AI2O3 than with SiO2.
However, by varying the conditions in the formation of the
catalyst, it was also possible to obtain enantioselective catalytic
systems when AI2O3 was used as the carrier, for example
Ni-Al 2O 3 -TA and N i - C o - A l 2 0 3 - T A with a metal content
of 20%.116 These catalysts were reduced at 773 K and EAA was
hydrogenated at 393-408 K and a pressure of 10- 12 MPa. The
optical yield on the first catalyst was 76.0% and that on the
second was 62.6%. Such relatively high values of OF can be due
to the presence on the nickel surface of incompletely reduced
residues of the metal salts, which decrease the fraction of the
small crystallites. The reduction of the catalyst under mild
conditions (for example at a reduced partial pressure of
hydrogen) increases the ratio of large crystallites and their
enantioselectivity.

The formation of small nickel crystallites can be prevented
by introducing into the catalyst mass (nickel and aluminium
hydroxides), before its deposition, a certain number of Fe3 +

ions, which weaken the interaction between nickel and the
carrier.117 Thus the introduction of up to 10% of Fe3 + increases
the enantioselectivity of the Ni-AbO3-TA catalyst in the
hydrogenation of MAA, increasing OY from 18% to 38%,
i.e. making the effectiveness of the catalyst comparable to that
of Ni-SiO 2 -TA. On the other hand, the addition of Fe3 + in
the preparation of Ni-SiO2 lowers both the optical and the
chemical yields of the MAA hydrogenation product (Fig. 7).
The introduction of a palladium salt has a similar effect.111 It is
noteworthy that the promoting effect of Fe3 + is manifested only
when AI2O3 is used as the carrier: in this case, the increase in the
Fe:(Fe + Ni) ratio to 10% increases OY from 16% to 38%,
whereas the addition of iron in the preparation of the
Ni-SiO 2 -TA catalyst lowers OY from 30% to 10%.l17

The use of a mixed carrier instead of silica gel (the
Ni-Al 2O 3 -SiO 2 -TA catalyst) lowers OY from 49.7% to
18.3%, although the size of the crystallites increases under these
conditions from 8 to 24 nm. One should note in this connection
that the nickel catalyst on a zeolite (1:5), obtained by impregna-
tion, is less effective in the hydrogenation of MAA. The
optical yield attained on this catalyst is 7.3%, whereas on the
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Figure 7. Dependence of O Y in the MAA hydrogenation reaction on the
iron content in the Ni-Fe-A1 2 O 3 -TA (/) and Ni -Fe -S iO 2 -TA (2)
catalysts.117

Ni-zeolite-TA catalyst, obtained by joint deposition,
Oy=45.6%. 1 0 8

In order to investigate the role of the size of the crystallites
at a constant surface coverage,"8 the Ni3(OH)4Si2O5 system was
prepared on the basis of chrysotile — a layered silicate.119 Its
reduction in a stream of hydrogen afforded the 59.4% Ni-SiO2
catalyst with a constant degree of surface coverage and a
uniform dispersity, which could be regulated by varying the
reduction conditions. An increase in the temperature of the
reduction of Ni-chrysotile helped to increase the size of the
crystallites (3) and in the temperature range 673-
973 K D varied from 4 to 11 nm, while OY in the hydro-
genation of MAA reached 40% (Fig. 8). The nature of the
initial nickel salt, used in the preparation of Ni-chrysotile,
influenced significantly the size of the crystallites and OY.120

Vedenyapin et al.121 investigated the influence of platinum
metals, introduced into various metallic catalysts, on the
enantioselectivity of the latter. The TA-modified palladium
catalyst did not exhibit an activity in the enantioselective
hydrogenation of EAA. The introduction of even 5% of
palladium into the RCu-TA catalyst, capable of promoting
enantioselective hydrogenation albeit with a low effectiveness,
led to a decrease in OY from 9% to 1%.121

The 10% (Ni-Pd)-aerosil and 10% (Ni-Pd)-Al2O3

catalysts were obtained by impregnating the carriers with
solutions of the appropriate salts.122 The catalysts were dried
and reduced at 630 K in a Fb -He stream. Catalysts of another

10 -

10 D/raa

Figure 8. Dependence of the enantioselectivity of the Ni-SiO2-TA
catalyst, obtained from Ni-chrysotile, in the MAA hydrogenation reaction
(333 K, 10 MPa) on the average size of the crystallites (/>) (/, 3) and the
influence of the temperature of the reduction of the catalysts on D (2, 4):
(1,2) initial salt Ni(NO3)2 • 6H2O; (3,4) initial salt NiCl2 • 6H2O (according
to the data of Nitta and coworkers'l9-12°).

series were prepared by impregnating Ni-SiC>2 with a PdCb
solution. The modification was carried out with a 5% TA
solution at pH 5. Similar results in the hydrogenation of EAA
were obtained on the catalysts of both series: the optical
yield was 7 % - 9 % for an overall rate of reaction of
0.1 mmol min~' (g catalyst)"1.

The modification of the RNi-Ru catalyst obtained by
leaching ternary N i - R u - A l alloys containing 70% of
aluminium was achieved by employing a 2% solution of
TA at pH 4.5.123 With increase in the ruthenium content, OY
decreased. According to the data of Vedenyapin et al.,123 the
introduction of palladium or ruthenium as additives into nickel
or copper catalysts does not promote the enantioselective
hydrogenation of EAA. A similar picture was observed when
the DNi-TA catalyst, obtained by decomposing nickel formate,
was employed.110 The addition of 15% of palladium lowered the
optical yield in the MAA hydrogenation reaction from 50% to
zero. After the introduction of palladium, the amount of TA
adsorbed by the catalyst during its modification diminished
from 0.01 to 0.001 mmol (g Ni)"1 as a consequence of the
displacement of TA from the surface by palladium. Thus, in
conformity with the data of Nitta et al.,1" the high effectiveness
of nickel catalysts alloyed with 1 % of platinum metals, observed
by Orito and coworkers,124"128 can be accounted for by the
influence of these additives on the formation of the catalyst
surface and primarily on the crystallinity of nickel.

Orito and coworkers124"128 showed that the 1:1 nickel
catalyst on kieselguhr (Kg), alloyed with 1% of noble metals
and modified with (R,R)-TA, exhibits an exceptionally high
enantioselectivity in the hydrogenation of MAA to MHB. The
optical yield of MHB reached127 99.4% on the N i - P d - K g
catalyst. However, Orito and coworkers124"128 determined the
values of OF polarimetrically and adopted [a]rj = +20.9° for
the optically pure MHB. Since it was later established46 that the
specific rotation of MHB is 22.95° and not 20.9°, the highest
values of OY in the above investigations should have been
79.0%-90.5%, which are also extremely high parameters. The
importance of the results obtained led us to describe here the
methods for the preparation of the catalyst and for carrying out
experiments on the hydrogenation of MAA.124

Kieselguhr [manufactured by the National Chemical
Laboratory for Industry (Japan)] was introduced, without
additional purification^ into a solution of nickel nitrate and a
platinum metal salt in an amount such that the ratios
Ni:Pt:Kg = 100:1: 100 were attained. The mixture was
allowed to stand for 1 h and was then treated with a solution
of sodium carbonate. The precipitate was thoroughly washed
and dried for 24 h at 383 K. The 3 g catalyst specimen was
heated by a quartz lamp in a stream of H2 (7 dm3 h""1) up to
573 K for 1 h, after which it was cooled and added to a 100 ml
of a 1.5% aqueous solution of (R,R )-TA at pH 4.1 bubbled with
nitrogen, reducing the temperature of the solution gradually to
358 K. The catalyst was then centrifuged and washed initially
twice with water (with 25 ml in each case) and then with
methanol and the solvent in which the hydrogenation was to be
carried out. The reaction was performed in an autoclave with
stirring at a pressure of 6-8 MPa and with a substrate:cata-
lyst « 14:1 ratio. The reaction temperature was raised from
293 K to the specified level at a rate of 0.7 K min^1. When the
absorption of hydrogen was completed, the catalyst was filtered
off and the product distilled.

The compilation in Table 6 presents the maximum optical
yields of MHB under different conditions.^ By carrying out the
reaction in THF and by adding small amounts of carboxylic

§Personal communication by Prof. Orito.
IJThe optical yields obtained by Orito and coworkers124"128 and
presented in Table 6 were corrected in accordance with the new value of
the specific rotation of MHB [a]D = 22.95°.
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Table 6. Enantioselective hydrogenation of MAA on deposited nickel catalysts alloyed with added platinum metals and modified by (/?,/J)-tartaric acid
(according to the data of Orito and coworkers 124~128).

Number of
experiment

Catalyst Solvent w /mmol h~'
(g catalyst)-1'

Mr? OY(%)

l b

2
3
4C

5d

6e

7
8d

9 d

10d

l l f

12s
13
14
15
16C

17
18h

1 9 d

20'

Ni-Kg
Ni-Rh-Kg
Ni-Pt -Kg
Ni-P t -Kg
Ni-P t -Kg
Ni-Pd
Ni-Pd-Kg
Ni-Pd-Kg
Ni-Pd-Kg
Ni-Pd-Kg
Ni-Pd-Kg
Ni-Pd-Kg
Ni -Pd-C
Ni-Pd-Al2O3

Ni- I r -Kg
Ni-Ru-Kg
Ni-Ru-Kg
Ni-Ru-Kg
Ni-Ru-Kg
Ni-Ru

without solvent
II

II

THF
THF
without solvent
ii

THF
THF
THF
THF
THF
without solvent
II

THF
without solvent
n

it

THF
without solvent

5.9
7.8
9.7
4.7
7.2
3.8
8.7
6.9
2.8
2.5
2.5
2.6
5.6
5.2
4.9
8.8
7.8
9.3
6.7
1.6

Note. Composition of catalyst: nickel: platinum metal: kieselguhr =
100: 1 : 100. Samples: 2.3 g of catalyst, 2.3 g of MAA, and 44 ml of the
solvent. Catalyst modification conditions: 1.5% aqueous TA solution,
pH 4.3,357 K. Hydrogenation conditions: pressure 5.5 MPa, temperature
294-403 K.
a Rate of formation of the (R)-( —)-MHB enantiomer. b Catalyst composi-
tion Ni: Kg = 1: 1. c The catalyst was modified at 293 K. d 1 ml of AcOH

12.20
13.75
14.20
15.00
18.05
9.15

14.65
18.22
20.10
20.44
20.79
20.49
13.02
11.13
16.50
11.35
12.35
12.05
16.75
4.1

53.2
59.9
61.9
65.4
78.6
39.8
63.8
79.4
87.6
89.1
90.6
89.3
56.7
48.5
71.9
49.5
53.8
52.5
73.0
17.0

was added. e Catalyst composition Ni:Pd = 100: 1. f0.05 g of HCOOH
was added. g0.5 g of benzoic acid was added. h Catalyst composition
Ni: Ru: Kg = 100: 3 :100.' Catalyst composition Ni: Ru = 100:1. Mod-
ification conditions: pH 4.5,293 K. Samples: 0.2 g of the catalyst, 41 ml of
EAA. The hydrogenation was carried out at 333 K (according to the data
of Klabunovskii and Vedenyapin4).

acids into the reaction mixture, the OY for the product is
increased by 6%-10%.

The method of synthesis of MHB with OY up to 90.6%, in
which the modification with tartaric acid is carried out at pH
4.3-4.5 (0.68-0.72 g of NaOH on 1.5 g of TA) at 357K, was
developed for the N i - P d - K g catalyst. Before the reaction, the
catalyst (2.3 g sample) must be heated for 4 h in THF without
stirring, having added 1.5% of acetic acid, at 382 K and a
pressure of 5.5 MPa (experiment No. 10). The reaction mixture
(MAA in 44 ml of THF to which 1 ml of AcOH has been
added) is kept initially without stirring for 1 h at the same
temperature and pressure and is then stirred for 10-20 h. The
optical yield of the MHB thus obtained reaches a maximum
value of 90.6% (experiment No. 11). Instead of acetic acid,
formic or benzoic acid may be added. The optical yield of the
product increases if the added monocarboxylic acid has a pK\
lower than that of the modifying agent — tartaric acid
(ptfi = 2.89).

It follows from Table 6 that the alloying of the nickel
catalyst with platinum metals increases significantly the
enantioselectivity and the overall rate of the reaction. The
deposited N i - R u - K g catalyst is more effective (OY = 50%)
than the Raney RNi-Ru catalyst without a carrier, on which
OY is 4% and 17% respectively in the MAA and EAA
hydrogenation reactions.4

An increase in the temperature of the modifying TA solution
from 293 to 353-363 K helps to increase the optical yield of
MHB. When the reaction is carried out in alcohols, OY
diminishes but the overall rate of reaction increases. The best
solvent has proved to be THF and ethyl acetate with added
acids (acetic, formic, or benzoic). The antiparallel variation of
OY and the overall rate of reaction, observed earlier by Orito
and coworkers,124-128 was confirmed.4 Among the carriers
investigated (activated charcoal, aluminium oxide, silica gel,
kieselguhr), best results were obtained with kieselguhr.

Unfortunately there are no literature data on the
reproducibility of the results of the studies by Orito and
coworkers.124"128 Nevertheless, a question arises concerning the
reason for the high enantioselectivity of nickel catalysts alloyed
with other metals and especially concerning the role of
kieselguhr as the carrier. Bimetallic catalysts based on nickel and
copper with added platinum metals (ruthenium and palladium)
did not exhibit an appreciable enantioselectivity in the EAA
hydrogenation reaction.4-123

Nitta et al . ' ' ' investigated in detail modified nickel catalysts
on carriers, including kieselguhr. They exhibited a high enantio-
selectivity, but kieselguhr as a carrier had no special properties.
Apparently the addition of platinum or palladium at the nickel
catalyst preparation stage promotes a more complete reduction
of nickel and the formation at nickel crystallites of optimum
size.111 The NiO reduction process is influenced significantly by
Cl~ and Br~ anions. The addition of PdCb to the initial
NiO - SiO2 system promotes the reduction of NiO but has little
influence on the enantioselectivity.111

Contrary to the data of Orito and coworkers,124-128 the
deposition of nickel on kieselguhr of the Shimalite brand or on
AI2O3 with subsequent modification by (R,R)-tartaric acid did
not make it possible to attain a value of OK in the MAA
hydrogenation reaction in excess of 54-68% even in the
presence of a high metal content on the carrier.129 Similar
optical yields were also obtained when nickel was deposited on
TiO2 (70%) and ZrO2 (68%). The reactions were carried out at
a pressure of 9 MPa and a temperature of 393 K.129

The higher values of OY attained by Orito and
coworkers124-128 can apparently be partly accounted for by
the high nickel content on the carrier (50%), which actually
converts the deposited catalyst into nickel black, and also by the
specially favourable conditions in the formation of the catalyst
created by the addition of platinum metals. It is also possible
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Table 7. Conditions in the preparation of the Ni-SiC>2-TA catalysts for the hydrogenation of MAA (Ni: SiO2 = 1:1).

Conditions Methods adopted by Nitta et al.1

A

1
348
15
383
24
35-40

B

1.2
358
30
393
45
7-10"

C

0.83
273
5
323
20
60-65

Method adopted by
Oritoetal.124

Ni(NO3)2: Na2CO3

Deposition temperature /' K
Ageing time/min
Drying temperature / K
Drying time/h
NiC03 content in deposit (%)

•'Ni(OHb content.

1
298
60
383
24

that the kieselguhr employed in the above studies contained
promoting admixtures.

Nitta et al."1 concluded that the high effectiveness of the
nickel catalysts under discussion124^128 may be accounted for
by the special conditions in their formation. According to Nitta
et al.,1" the introduction of 1% of palladium into the Ni-SiCb
catalyst in the stage involving the reduction of the NiCOj-SiCh
system promotes the reduction of the salt, a decrease in the
process temperature, and the formation of larger nickel
crystallites. Nitta et al.111 attempted to reproduce the data of
Orito and coworkers.124"128 The Ni-SiCh catalytic systems
were prepared by three methods differing in the conditions in
the deposition of the catalyst and its reduction. The influence of
the introduction of palladium into the catalysts on the
formation and enantioselectivity of the catalysts and the role of
kieselguhr as the carrier were also investigated.

Table 7 presents the conditions for the preparation of the
nickel catalysts described by Nitta et al.111 and for comparison
the conditions quoted by Orito et al.124 Nitta et al.1" used silica
gel (60-200 mesh) with a specific surface of 600 m2 g~' and
kieselguhr with a specific surface of 5.7 m2 g~' supplied by the
Yoneyama Yakuhin Company. The suspension of the carrier
was impregnated with a solution of nickel nitrate and
precipitated with a solution of sodium carbonate at 348 K. After
drying (383 K), the catalysts were reduced in a stream of
hydrogen for 1 h at 773 K. In order to obtain the Ni-Pd-SiC>2
system, PdC^ was added to the catalyst mass before its
reduction (Ni: Pd : carrier = 100: 1:100).1" As can be seen
from Table 7, methods A, B, and C differ in the severity of the
conditions during the deposition and treatment of the catalyst
mass. The catalyst obtained by method C contained an excess of
NiCO3. Method A is distinguished by milder conditions, similar
to those adopted by Orito and coworkers. 124~128 Method B
affords a deposit containing less effectively reducible Ni(OH)2,
the reduction of which even in the presence of palladium gives
rise to larger crystallites.115 Depending on the composition of
the initial mixture, the catalysts differ significantly in their
enantioselectivity in the MAA hydrogenation reaction in EtOAc
at 333 K and a pressure of 1 MPa. It was shown1" that nickel
catalysts with added palladium, deposited on silica gel or
kieselguhr, are usually less effective than the catalysts without
such an additive, which conflicts with the data of Orito et al.124

Admittedly, the introduction of palladium into the catalyst
obtained by method A promoted some increase in enantio-
selectivity as a consequence of the increase in the average size of
the nickel crystallites (Table 8).

The use of kieselguhr did not increase but actually somewhat
diminished OY even when the modification was carried out by
the method of Orito et al.124 at pH 4.1 . The reaction rates on all
the Ni-SiO2-TA catalysts were similar and amounted to
0.4-0.8 mmol min~' (g Ni)-1 . The introduction of palladium
decreased somewhat the average size of the crystallites, which
increased the rate of reaction but did not increase OY, whereas,
according to the data of Orito et al.,124 the catalysts on
kieselguhr with added palladium are more active [the rate of

reaction is 2.5-8.7 mmol min~' (g Ni)^1] and enantioselective
(OY' = 63.8% -89.1 %). Thus, contrary to the data of Orito and
coworkers,124"128 the introduction of palladium and the use
of kieselguhr as the carrier did not lead to the formation of
specially effective catalysts."1

Table 8. The influence of the method of preparation of the catalyst, the
nature of the carrier, the reduction temperature (7"r), and added palladium
on the enantioselectivity of the catalysts for the hydrogenation of MAA to
( - )-MHB (according to the data of Nitta et al."').

Method of
preparationa

A
A
A
A

A

B
B
C
C
C
C
C

Catalystb

Ni-Kg
Ni-Pd-Kg
Ni-Kgc

Ni-SiO2

Ni-Pd-SiO2

Ni-SiO2

Ni-Pd-SiO2

Ni-SiO2

Ni-Pd-SiO2

Ni-SKV
Ni-Pd-SiO2

c

Ni-Pd-Kg
Ni-Pd-Kgc

Ni-Pd-Kg

JTr/K

523
523
573
573
673
573
673
673
673
573
573
573
573
573
573
573

D/nm

31
16
31
—
9
—

12
4
5
13
13
13
13
12
—
_

OY(%)

32.5
26.3
12.1
23.8
50.6
27.8
41.6
29.8
20.1
43.4
30.1
36.8
34.6
27.7
63.8d

89.1 =

aSee Table 7. bNi :Pd :carrier = 100: 1 : 100; modification by («,«)-
tartaric acid at pH 5.1.c Modification carried out at pH 4.1. d Experiment
No. 7 in Table 6. e Experiment No. 10 in Table 6.

With increase in the fraction of NiCXh in the catalyst mass
above 25% there is an increase in the specific surface and in the
average size of the nickel crystallites (from 5 to 18 nm). OY
passes through a maximum corresponding to the catalyst
obtained from the catalyst mass containing 37% of NiCO3 and
reduced at 773 K. The increase in the fraction of NiCOj to 58%
makes it possible to lower the reduction temperature to 573 K.
This leads to an increase in D to 15 nm, which promotes an
increase in OY. Hence it follows that the enantioselective
hydrogenation is a structure-sensitive reaction and may be used
as a method for the monitoring of the size distribution of the
nickel crystallites. Fig. 9 presents the variations of the catalytic
activity and the optical yield in the MAA hydrogenation
reaction on Ni-SiO2 with the fraction of NiCO3 in the catalyst
mass. The size of the nickel crystallites is related, in its turn, to
this quantity.

Studies have shown 114- " 5 that the formation of the catalyst
is greatly influenced by the additives, the nature of the initial
salts, and the reduction conditions. The high effectiveness of the
bimetallic catalysts deposited on kieselguhr may therefore be
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a wj mmol min ' (g Ni) ~'
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20 40 60 80 [NiCO3](%)

Figure 9. The influence of the NiCCh content in the initial catalyst mass
(catalyst reduction temperature 673 K) on the optical yield of MHB (/)
and the catalytic activity (w) of Ni-SiC>2-TA (2) in the MAA hydro-
genation reaction (a) and also on the average size of the nickel crystallites
(b). Curves 1-4 (b) correspond to D = 3.5, 8.0, 16.0, and 18.0 nm
respectively (according to the data of Nitta et al.'14- " 5 ) .

caused by the precise influence of these factors on the formation
of the structure of the catalyst surfaces and primarily on the size
of the nickel crystallites.106-108 '109-"3-"5

The introduction of palladium into the catalyst apparently
affects the degree of reduction of nickel, which occurs in this
case at lower temperatures. This influence depends greatly on
the nature of the initial salts: the presence of palladium
promotes the reduction of NiCCh, formed on precipitation with
sodium carbonate, but has little effect on the reduction of
Ni(OH)2. The presence of the carrier accelerates the conversion
of part of NiCO3 into Ni(OH)2, but the reduction of the
hydroxide requires more severe conditions.

As already mentioned,124128 the addition of AcOH
increases significantly OY in the hydrogenation of MAA on
N i - P d - K g . The addition of certain salts into the modifying
TA solution also helps to increase O Y, the nature of the anion
playing an important role. NaBr proved to be the most effective
modifying additive to RNi-TA.46

High concentrations of halide salts in the modifying TA
solution have a negative effect on the rate of reaction and on
OF,118 but the addition of Nal (or KI) at very low
concentrations tends to increase the optical yield. It has been
found that Nal reduces O Y sharply at a concentration of just
0.002%, whereas NaBr is effective even at concentrations higher
by a factor of 100. This is associated with the fact that the iodide
is adsorbed on nickel much more strongly than the bromide.
Thus the anion affects OK no less strongly than the cation.46

The nature of the cation is important in the leaching of the
Ni-Al alloy and in the establishment of a suitable pH of the
modifying tartaric acid solution. Best results were achieved
when Na+ ions were employed: at a NaBr concentration of 8%
and a TA concentration of 1%, the optical yield in the
hydrogenation of MAA was 70.2%. Li+ and Rb+ ions hardly
affect O Y. The cations are coordinated to the oxygen in TA and
MAA adsorbed on nickel, sodium and potassium participating
in the octahedral coordination, which intensifies the template
effect in the stereochemical interaction of TA with MAA (and
MHB). The anions are by themselves incapable of showing the

template effect, particularly at high salt concentrations, their
function consisting in fixing the appropriate amounts of the
cation on the catalyst surface, needed for coordination to the
TA-MAA (MHB) complex. The influence of NaBr is also
manifested by the fact that the salt is a weak poison for the
nickel catalysts. It blocks the most active centres on the nickel
surface, intensifying thereby the enantioselective effect of the
modified centres.

According to Nitta et al.,111 the introduction of chlorides or
bromides into the catalyst mass during the formation of
deposited catalysts promotes an increase in O Y by virtue of the
increase in D, but the overall rate of reaction decreases under
these conditions. The addition of the salts NiCl2, NaCl, FeCl2,
and NaBr or of the acids HC1 or HBr to the catalyst mass
prepared by method A increases OY from 36.1% to
49.7%-57.5%. With increase in D (from 13 to 20-30 nm),
a narrower size distribution of the nickel crystallites is
obtained.111

The increase in OY after the addition of NiCl2 is of interest.
The introduction of 29.8% of this salt into the catalyst mass,
prepared by methods A, B, or C, diminishes sharply the specific
surface of the reduced nickel (the reduction was carried out at
623 K for 1 h), which indicates an increase in D. Depending on
the method employed, OY increases from 36.1% to 54.9% (A),
from 19.3% to 51.0% (B) and from 39.4% to 53.2% (C)
respectively. The sharp diminution in the specific surface
indicates not only the growth of D but also the presence on the
surface of chloride residues, which hinder the adsorption of
hydrogen. At the same time, the Cl~ ions remaining on the
catalyst after its reduction may act as a promoting additive,
i.e. may behave similarly to NaBr in the modifying solution.46

The RNi-TA-NaBr catalyst was obtained by leaching the
42:58 Na-Al alloy at 373 K.46 The catalyst was washed 15
times with portions of deionised water and was modified in 1 %
(R,R)-TA solution containing 10 g of NaBr at 373K in the
course of 1 h. After the modification, the catalyst was again
washed with water and methanol. MAA was hydrogenated in an
EtCOOMe + 0.2 ml AcOH solution at a pressure of 9 MPa
and a temperature of 373 K. The rate of reaction was
0.2 mmol min^1 (g Ni)-1 . A threefold repetition of the
modification procedure increased OY from 83.1% to 88.6%.
Under the same conditions but without the addition of NaBr
and AcOH, OY was 31.2%. The introduction of NaBr at a
concentration of 0.01 -0.04 mmol (g Ni)"1 did not affect the
degree of adsorption of TA on nickel and the optical yield
increased in proportion to the NaBr concentration. This has
been attributed 46 to the presence on the surface of the modified
catalyst of two types of centres:4 selective centres, modified
by TA, on which the (— )-enantiomer is formed, and
nonselective centres on which the MHB racemate is produced.

This method also has its negative aspects: as stated above,
NaBr diminishes the activity of the nonselective centres and
lowers the overall rate of reaction. In order to compensate for
this negative effect, it is necessary to increase the reaction
pressure and temperature and this entails a decrease in
regioselectivity and the appearance of side products, in
particular the ester MeCH(CH2COOMe)OCOCH2CH(OH)Me.
The behaviour of the deposited nickel catalyst is somewhat
different from that of the Raney catalysts. The presence of
residual amounts of Cl~ ions in the Ni-SiO2 catalyst imparts
stability to the latter in repeated hydrogenation. On the other
hand, the Ni-SiO2 (1:1) catalyst modified by TA with added
NaBr is not quite so effective l n as RNi.46 The modification by
NaBr increases OY in the MAA hydrogenation reaction from
36.1% to 46.0%, but, after repeated hydrogenation on the same
portion of the catalyst, OY fell to 11.0%, while the catalyst
promoted by the addition of NiCl2 to the catalyst mass before
reduction retained its stability in three consecutive experiments
(y = 90%, 79%, and 81% for OY = 52.7%, 55.0%, and 54.9%
respectively). This can be explained not only by the presence of
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residual amounts of the halogen on the nickel surface but also
by a more uniform size distribution of the nickel crystallites.
Promotion by halides (nickel chloride) of the initial catalyst
mass increases the degree of reduction of NiO to the metal.111

This effect is manifested to a particularly notable extent in the
reduction of the catalyst mass obtained by method B and
containing Ni(OH)2, which is reduced with difficulty as a
consequence of the strong interaction with the carrier.117 As
a result of this, the catalyst obtained has a higher activity but a
lower enantioselectivity.

The low enantioselectivity of the Ni-AbCh catalysts, in the
preparation of which NaOH is used to precipitate the
hydroxides, can be accounted for by the strong interaction of
the metal with the carrier and the formation of Ni-Al
compounds on the surface. However, similar catalysts formed
under mild conditions, which rule out the formation of small
nickel crystallites, have the same enantioselectivity as
Ni-SiO 2 . " 6

A series of studies by Izumi and coworkers3'46-92 were
devoted to the development of methods for increasing the
enantioselectivity of the RNi-TA catalysts in the MA A
hydrogenation reaction. With increase in the temperature of the
leaching of the Ni-Al alloy, the optical activity of the product
increases as a result of the decrease in the residual amount of
aluminium present in the catalyst as aluminium hydroxide. The
OH groups present in TA and A1(OH)3 compete with one
another for the formation of hydrogen bonds with MAA,
reducing thereby OY. The elimination or blocking of the
aluminium-enriched nickel centres increases the fraction of
dissymmetric centres and increases OY. This view is confirmed
by the fact that the nickel catalyst, obtained by the reduction of
NiO in a stream of hydrogen at 523 K and modified with a 1 %
solution of TA at 358 K and pH 4.1, exhibits a higher
enantioselectivity than the RNi-TA Raney catalyst. The
hydrogenation of MAA in solution in EtCOOMe at a pressure
of 1 MPa and a temperature of 393 K leads to the formation of
(fl)-(-)-MHB with OY = 81.7%, whereas the optical yield on
RNi-TA under the same conditions is only 44%.46

The fraction of nonselective centres on the nickel surface
may be diminished by the ultrasonic treatment of the catalyst,
which induces the selective disruption of the more active centres
not protected by the modifying agent, tartaric acid.130 Such
treatment makes it possible to increase not only OY but also the
overall activity of the catalyst, i.e. to eliminate the disadvantage
characteristic of RNi catalyst modified by TA in the presence of
NaBr (as already stated, the adsorption of this salt increases
OY, but decreases significantly the overall catalytic activity).

Table 9. Hydrogenation of the methyl esters of ketoacids on the
RNi-TA-NaBr catalyst treated with ultrasound and the untreated
catalyst (according to the data of Tai et al.130).

Compound
hydrogenated

Treatment of a
catalyst"

B/mmolmin"1 OY("A)
(g catalyst) ~'

MeCOCH2COOMe

n-C7H15COCH2COOMe

n-C9H,9COCH2COOMe

n-C, i H23COCH2COOMe

Note. Reaction conditions: solvent — EtCOOMe, pressure 1 MPa,
temperature 373 K.
•'' + ' — with treatment by ultrasound, ' —' — without treatment by
ultrasound.

18.0
9.0
1.3
0.3
0.9
0.2
0.9
0.2

86
80
89
83
91
86
94
86

The overall rate of hydrogenation after the ultrasonic
treatment of the catalyst increases by a factor of 2 -4 , while OY
increases to 86%-94% (Table 9). This is the maximum optical
yield attained hitherto on modified RNi-TA-NaBr catalysts.
After such treatment, the catalyst becomes stable and can be
used to obtain the optically active (R)-( — )-MHB on a large
scale. Thus it has been possible to hydrogenate 10 kg of MAA,
dissolved in 100 dm3 of EtCOOMe, on 190 g of the
ultrasonically treated RN-TA-NaBr catalyst after 18 h.
The optical yield of ( —)-MHB in this reaction, carried out at a
pressure of 10 MPa and a temperature of 373 K, was 81%.

Optically pure 100% MHB can be obtained by crystallising
a MHB derivative — the dibenzylammonium salt of HBA.130

For this purpose, ( —)-MHB with an excess of the enantiomer
(OY = 83%) is hydrolysed in a 1:1 MeOH-H2O mixture. The
sodium salt is passed through a column with Amberlite IR-120
and the resulting acid ( —)-HBA is converted into the
dicyclohexylammonium 131 or dibenzylammonium salt,130 which
is then crystallised. This leads to the formation of the optically
pure (C>r=98%-100%) acid (fl)-(-)-HBA in a high yield
(Table 10).

Table 10. Preparation of optically pure carboxylic P-hydroxyacids by
the hydrogenation of the methyl esters of the p-ketoacids Me(CH2),,.
COCH2COOMe on the RNi-TA-NaBr catalyst after three crystallisa-
tions of the dicyclohexylammonium salts of the acids from acetonitrile
(according to the data of Tai and coworkers131-135-l36).

n

0
6
8

10
12

OY for
hydroxyester

(%)a

86
87
88
85
87

a Before crystallisation.

Consumption of
acetonitrile
/ml (gram salt)"1

7.0
11.5
18.0
19.0
24.5

b After crystallisation.

P-Hydroxyacid

yield (%)

52
50.5
73.5
72.1
75.1

OY(%)b

98
98

100
100
98

An important practical problem concerns the possibility of
the repeated use of the RNi-TA-NaBr catalysts. It has been
shown that RNi-TA-NaBr introduced into a solid matrix of
vulcanised silicone rubber containing oxime groups (KE-441
produced by the Shin Etsu Chemical Company) can be used
repeatedly, up to 30 times, in the hydrogenation of MAA to
( — )-MHB.132133 The optical yield on a single catalyst specimen
(9 MPa, 373K) is maintained at the level of 58%-62% and
there is no significant decrease in enantioselectivity.134 The usual
catalyst without a matrix is somewhat more enantioselective but
is less stable and OY has already decreased from 76% to 28%
by the third experiment. The stability of the catalyst inserted
into a silicone matrix is ensured by the binding of the nickel to
the oxime groups of the polymer, which are converted into
amino-groups during the reaction.134 Treatment with a solution
of pyridine or MePrNH 10°-104 therefore also makes it possible
to obtain a stable catalyst on one portion of which up to 10
consecutive hydrogenations can be performed with only a slight
decrease in OY (from 80% to 73%).134

Processes in which the optical yield is not less than 80%
while the preparation of the catalyst and the process technology
are fairly simple are of practical interest. These requirements are
satisfied by modified metallic catalysts. The industrial
production of chiral hydroxyesters and glycols with OK up
to 90% can be achieved on modified nickel catalysts.

The high effectiveness of the RNi-TA-NaBr catalysts has
been used to synthesise practically important optically active
P-hydroxyacids, which are common in biological systems.
(R)-( — )-3-Hydroxydecanoic acid forms part of the composition
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of growth factors, 3-hydroxytetradecanoic acid is the principal
aliphatic acid in 'lipid A' in endotoxin,135 the choline ester of
3-acetoxyhexadecanoic acid, known as pahutoxin, is one of the
components offish poison,131136 while 3-hydroxyoctadecanoic
acid is a component of the antitumour preparation emposatilin.
All these compounds have been obtained in high optical yields
by the hydrogenation of the corresponding ketoacids on
RNi-TA-NaBr at a pressure of 9.5 MPa and a temperature of
373 K in solution in EtCOOMe + AcOH. After 2 -3
recrystallisations of the dicyclohexylammonium or dibenzy-
lammonium salts, obtained from the esters of the corresponding
hydroxyacids,131'137 it is possible to obtain the optically pure
acids in high yields. The nickel catalyst is also used in the
synthesis of the hydroxyester which is an intermediate in the
synthesis of tetrahydrolipostatin produced by the Hoffmann-
LaRoche Company:138

Me(CH2)ioCOCH2COOEt Me(CH2)ioCH(OH)CH2COOEt

OY = 90% -92%

P-Hydroxyesters and P-glycols, for example ethyl p-hydroxy-
butyrate and pentane-(2/?,4/J)- and -(2S,45)-diols, are produced
industrially on the RNi-Ta-NaBr catalysts. The optical yield
of the diol reaches 87%, while after the crystallisation of its
derivative it becomes 100%.139 This is used in the synthesis
of the chiral diphosphine Skewphos [(/?,/?)-2,4-bis(diphenyl-
phos-phino)pentane].'40

Modified nickel catalysts for asymmetric hydrogenation are
produced by the Wako Pure Chemistry,141 Kawaken Pure
Chemistry, and Degussa Companies (RNi-TA-NiBr)1 3 8 and
by the Heraeus Company (HNi-TA-NaBr).1 3 8 1 4 2

VI. Synthesis of optically active (J-hydroxyesters
by the hydrogenation of ketoesters on metal
complex catalysts with chiral ligands
Chiral rhodium-diphosphine complexes are highly effective
chiral catalysts on which it is possible to hydrogenate
dehydroamino acids to optically active amino acids with OY
close to 100%.143 Under certain conditions, ketones can also be
reduced on these catalysts.143144 The presence of the COOR
group in the molecule facilitates reduction and hydroxyesters are
formed from a- and p-ketoesters with high values of OY.l4S The
ketoesters are particularly effectively reduced on chiral rhodium
and ruthenium complexes.146 The methyl acetoacetate is reduced

to MHB with OY = 71% when acted upon by the complex
[Rh-CAMP] [CAMP = («)-cyclohexyl-o-methoxyphenylme-
thylphosphine].147 The rhodium complex with the chiral
diphosphine BINAP,47'148 produced by the method of Takaya
et al.,149 exhibits a very high enantioselectivity. MAA is
hydrogenated at pressures of 1.0 or 1.12 MPa and a temperature
of 298K for 48 h.150151 The (R)-(-)-P-hydroxyester with
OY= 99% is formed from methyl P-ketovalerate in solution
in 1:1 MeOH-CHbCb in the presence of the complex
[Rh-BINAP], and the optically pure (R)-( — )-hydroxyvaleric
acid can be obtained by its hydrolysis.

The use of phospholanes as chiral ligands in rhodium
complexes proved to be relatively ineffective: the optical yield
did not exceed 27% in the reduction of MAA at a pressure of
2 MPa and a temperature of 298 K.151

VII. Conclusion
In conclusion, the three methods of synthesis of P-hydroxyesters
examined above should be compared from the standpoint of
their practical applicability. Table 11 presents the main
characteristics of the processes involving the reduction of
P-ketobutyrates, acted upon by baker's yeast, on a Raney nickel
catalyst modified by (R,R )-tartaric acid with added NaBr, and
in the presence of a chiral ruthenium complex containing a
chiral ligand, the diphosphine BINAP.32 As can be seen, all
three methods ensure a high effectiveness of the process. The
optical yield is 85%-99%. We shall now consider their
disadvantages.

Despite the high enantioselectivity (in the best instances), the
possibilities for wide scale application of the enzymic reduction
of ketoesters are limited by the low productivity of the process,
by the need to employ large volumes of solutions, by the low
concentration of the product in solution, by the need for
additional purification (filtration, extraction), by the long
duration of the process, and by the instability of the enzyme.
This is a single-use process which cannot be carried out under
flow or cyclic conditions and the reducing agents are not
regenerated.

The employment of a metal complex catalyst ensures an
extremely high effectiveness and productivity, the turnover
number for the reaction on such a catalyst being very high. The
process can be performed at room temperature. However, the
cost of the catalyst and of the chiral ligand is high and they
cannot be regenerated.

Table 11. Comparative characteristics of various methods for the synthesis of P-hydroxybutyrates by the reduction of P-ketoesters.

Characteristic

Substrate and its sample/g
Solvent and its volume/ml
Catalyst and its sample/g
Reductant
Process temperature/K
Reaction time/h
Method for isolation of product
Chemical yield (%)
Chemical yield/g
Optical yield (%)
Configuration of molecule
Productivity/g (litre
solution)"1 h~'
Possibility of repeated use
of catalyst

;l Standard method.45

Enzymic reductiona

EAA, 40
water, 2600
baker's yeast, 200
sucrose (600 g)
293
134
filtration, extraction, distillation
59-76
24-30
85
Sonly
0.07

none

Heterogeneous-catalytic process
RNi-TA-NaBr

MAA, 40
none
Ni-TA-NaBr, 2
hydrogen (75 atm)
373
20
filtration, distillation
94
38
90
SOT R
40

5-30 times

Metal complex catalysis
R u - BINAP

MAA, 40
methanol, 40
Ru-BINAP, 0.14
hydrogen (20- 100 atm)
293
40
distillation
99
39
99
SOT R
12

none
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The somewhat reduced enantioselectivity of the hetero-
geneous catalyst modified by tartaric acid (the maximum optical
yield attained so far is 94%) is compensated by the high
productivity of the process, the possibility of the repeated
employment of the catalyst (up to 30 times in certain cases), the
ease of its separation from the product, and the low cost and
ease of preparation of the catalyst. The heterogeneous catalyst
can be readily prepared in large amounts and it can be usefully
employed in the large-scale production of the chiral p-
hydroxybutyrate with an optical yield of about 90%,
particularly if it is proposed to carry out further purification
of the product by the crystallisation of its derivatives.

Overall, chemical methods have clear advantages over
enzymic procedures, which constitutes an important stimulus for
the improvement of the latter. There is no doubt that further
search for effective catalytic systems, both heterogeneous and
metal complex, is needed.
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Abstracts. The methods of preparation and physicochemical and
mechanical properties of gradient interpenetrating polymer
networks (IPN) are examined. The results of studies on the
viscoelastic properties as well as the strength and other
mechanical characteristics in layers of gradient IPN are
presented. The properties of the usual and gradient IPN of the
same chemical nature are compared. Data are presented on the
layer-by-layer variation of the thermodynamic compatibility of
the components in gradient IPN. The bibliography includes
64 references.

I. Introduction
One aspect of the chemistry of macromolecular compounds
which is of current interest is the modification of finished
polymers and preparation of materials based on them. From
this standpoint, the study of mixtures and blends of linear
polymers (interpenetrating polymer networks) is promising,
since one can vary indefinitely the structures and properties of
polymeric materials obtained on the basis of such systems.
Interpenetrating polymer networks (IPN) are polymer-polymer
compositions consisting of two or more three-dimensional
polymers (or of network and linear polymers) in which the
individual networks are not chemically linked but are indis-
tinguishable owing to the mechanical intertwining of the chains
determined by the conditions of the synthesis.

Interpenetrating polymer networks are obtained by
modifying polymers with a three-dimensional structure. Since
the appearance of the term 'interpenetrating polymer network'1

much time has elapsed, but the principal studies in this field
began in the 1980s13 '17 and have continued up to the present
time.
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There are two monographs and several review articles2 u in
which the methods of preparation, the nomenclature, and the
structure and properties of IPN of different types are
considered. Analysis of the literature shows that gradient IPN
are some of the most interesting and promising polymers.
Sperling,4 Sergeeva and Lipatov,10 and Sergeeva11 have
considered gradient IPN very briefly.

Gradient IPN are mixtures of three-dimensional polymers
(or mixtures of a three-dimensional and a linear polymer), the
concentrations of the components in which vary along the cross-
section of the specimen. Gradient IPN constitute the basis for
the synthesis of promising polymeric materials used, for
example, in medicine, optoelectronics, wave optics, and
instrument making, for vibration- and sound-proofing, and in
other fields. The volume characteristics of polymeric materials
based on IPN may remain unchanged. However, the overall
characteristics of the composite are improved.

II. Methods of preparation and layer-by-layer
analysis of the compositions of gradient
interpenetrating polymer networks
The first studies involving the preparation and investigation of
gradient IPN were associated with the search for and
development of materials for medicine.13"17 The interpenetrat-
ing polymer networks used for such purposes can be obtained
only by the successive hardening method. This method consists
of the following procedures: in the first stage, the preformed
polymer (the first component) is kept in a monomer, which
subsequently polymerises with formation of a second polymer.
Swelling is interrupted at a certain stage, before the attainment
of equilibrium, after which the second polymer is obtained, its
concentration in the matrix polymer varying perpendicular to
the surface as a consequence of the slowness of the swelling and
diffusion processes in the matrix network. This results in the
formation of an IPN, the properties of which differ both from
those of the individual polymers and from the properties of the
IPN of the same chemical nature but obtained by the successive
hardening method under equilibrium conditions.

Since in the preparation of gradient IPN there is a stage
involving the nonequilibrium swelling of the matrix network in
the monomers, problems arise, associated with the influence of
various factors on the rate of diffusion of the monomers into the
matrix network and hence with the distribution of the second
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polymer through the thickness of the matrix. In order to
investigate the nature of the distribution of the polymers
entering into the composition of the IPN as a function of
thickness, use is made as a rule of the layer-by-layer elemental
analysis. In the gradient IPN based on polystyrene (PS) and
polyacrylonitrile (PAN) (with ethylene dimethacrylate as the
cross-linking agent),13 PS served as the matrix network and
PAN was concentrated in the surface layer of PS with a definite
concentration gradient. In order to establish the nature of the
distribution of PAN in PS, layers 0.05 mm thick were removed
and their nitrogen content assayed chemically. It was shown that
the highest content of PAN (~50%) occurs near the surface of
the specimen of the gradient IPN. The concentration of PAN
near the surface is also confirmed by the finding that the
specimens of the test IPN are more resistant to the action of
hydrocarbons, for example benzene, in contrast to pure PS.13 It
has been suggested that the diffusion of the monomer into the
matrix network in the test specimen generally obeys Fick's law,
although there are certain deviations.14 For systems such as
poly (methyl methacrylate)-polymethacrylate, the layer-by-layer
methods of chemical analysis proved unsuitable, since both
polymers contain the same elements.

The rate of diffusion of the monomers during the
preparation of gradient IPN and the subsequent distribution of
the polymers probably depend on the monomer concentration in
the solvent (if such is used), on the concentration of the cross-
linking agent, and other factors. These problems have been
examined in detail in a study of the gradient IPN based on
polyester urethanes (PU) and cross-linked polyacrylamide
(PAA).15 The polyester urethanes were obtained by a two-stage
method from diphenylmethane diisocyanate and poly(propylene
glycol) using diaminoethane as the lengthening agent. The
polyester urethane contained rigid domains — physical cross-
links forming a network. The IPN specimens were obtained by
swelling PU plates in a solution containing acrylamide (AA), a
cross-linking agent (tetraethylene glycol dimethacrylate), and an
initiator. This was followed by the polymerisation of the AA.
The overall amount of the PAA was determined from the
difference between the masses of the initial PU film and that
obtained after its saturation by the PAA. It has been shown for
this system that an increase in the monomer concentration in the
swelling mixture leads to a steady increase in the PAA
concentration in the IPN, although the dependence of its
content on the AA concentration in solution is nonlinear.
Naturally, an increase in the PAA content in the IPN leads
subsequently to an increase in the degree of swelling of the
specimen in water. An increase in the initiator concentration in
the AA solution also leads to an increase in the PAA content in
the IPN, but only up to a certain limit, beyond which the
influence of the initiator concentration is insignificant. The
change in the concentration of the cross-linking agent influences
non-monotonically the PAA content in the IPN: there is an
optimum concentration ensuring the maximum PAA content,
but the capacity of the IPN for swelling in water decreases
monotonically under these conditions.

The concentration of the monomer and its distribution in
the matrix network are naturally to a large extent determined by
the duration of the swelling of the initial network in the
monomer. Thus, the influence of the swelling time (from 5 to 30
min) on the PAA content in the IPN has been investigated for
the PU-PAA system.16

It has been established that the dependence of the fraction of
PAA in the IPN (a> = WPAA / WJPN) on the swelling time is
described by the equation

where co, and oi^ are respectively the fractions of PAA in the
IPN during polymerisation after swelling for a time t and after
equilibrium swelling.

Apart from varying the swelling time, other procedures may
be used to set up a concentration gradient along the thickness of
the IPN layer, for example one can employ cross-linking agents
with a higher molecular mass or the diffusion of the cross-
linking agent.16 The latter method can be described as follows:
the matrix network is kept in the monomer solution with the
initiator until the attainment of equilibrium, after which the
swollen matrix network is placed for a time in a solution of the
cross-linking agent. It was found that, when this procedure is
employed, the fraction of PAA in the IPN based on PU and
PAA is independent of the time during which the swollen PU is
kept in the solution of the cross-linking agent.

The Fourier transform IR spectroscopic method 16 makes it
possible to obtain more accurate information about the nature
of the distribution of polymers in gradient IPN based on PU
and PAA compared with chemical analysis.14-15 It has been
established 16 that, when the partial swelling method is employed
(the method involving different exposure times), PAA
concentrates mainly at the surface of the specimen (the depth
of penetration by PAA does not exceed 10 um). The PAA
concentration gradient along the thickness has also been
observed in the preparation of IPN after the attainment of the
equilibrium swelling of the matrix network in the monomer, but
it is not quite so distinct as in the previous case. Finally, the
diffusion of the cross-linking agent and the variation of its
molecular mass have virtually the same influence on the PAA
concentration gradient in PU.

Like the usual IPN, 'direct' and 'reverse' gradient IPN may
be synthesised. The system based on poly(methyl methacrylate)
(PMMA) and poly(chloroethyl acrylate) (PCEA) have been
obtained in two ways.17 In the first case, the PMMA obtained
beforehand was swollen in chloroethyl acrylate (CEA) and the
CEA was then polymerised. The initiator was fluorobutyl ether
from petrol and the cross-linking agent was ethylene glycol
dimethacrylate. In the second case, PCEA was swollen in methyl
methacrylate (MMA) and the latter was subsequently
polymerised. Gradient IPN containing 30 mass % of PCA
in a PMMA matrix and up to 50 mass % of PMMA in a PCEA
matrix were obtained in this way. In order to determine the
profile of the concentration gradient (in the present instance of
chlorine) in the test system, chemical analysis was employed, as
in certain other gradient IPN.

Fig. 1 presents the gradient in the distribution of PCEA in
specimens obtained by the first method. Evidently the PCEA
content decreases sharply on moving away from the surface,
particularly when its concentration in the gradient IPN is low
whereupon the main bulk of PCEA concentrates at the surface
of the specimen.

It is noteworthy that in the usual IPN (Fig. 1, curve 4) i.e.
those obtained by the successive hardening method under the
conditions of the equilibrium swelling of the matrix network in
the monomer, the PCEA concentration does not change on
moving away from the surface of the specimen. This conflicts
with data obtained for the PU-PAA system,14 where a
concentration gradient with respect to the thickness was
established even for the usual IPN. It is most likely that this may
be induced by the time during which the PU specimens are kept
in PAA, before the start of the polymerisation, being
insufficient.

For specimens of the second series, the PMMA content does
not diminish quite so sharply (judging from the growth in the
PCEA content with increasing thickness) on moving away from
the specimen surface.

Gradient IPN based on PU and polyacrylate copolymers
have been obtained 18-19 by a method involving the swelling of a
preformed network PU without attaining the equilibrium
distribution of the diffusants and subsequent photopolymerisa-
tion of the reactants. The composition of the components in the
layers was determined by comparing the glass points (7^) of the
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Figure 1. Distribution of PCEA and PMMA in specimens of gradient
polymers (1-3) and IPN (4-7) with a PMMA matrix (a) and a PCEA
matrix (b) for different PCEA and PMMA contents.
CPCEA (mass %): (1) 10; (2) 20; (3) and (4) 30; CPMMA (mass%): (5) 10;
(6) 30; (7) 50; L/Lo = relative thickness of the specimen.

usual IPN and gradient IPN of the same nature and also by
elemental analysis.20"33

Free-radical initiation was used in the studies described
above to obtain the second polymer with a concentration
gradient in the first polymer-matrix. The use of poly-
condensation appears at first sight impractical, since the
reaction can occur during the swelling process. After the
attainment of equilibrium, the reactants must then be present in
the matrix in almost equivalent proportions for the formation of
a high-molecular-mass condensation polymer. Nevertheless, it
has been shown34 that polycondensation can be used extremely
successfully for the preparation of gradient IPN. For this
purpose, one of the reactants is initially kept in the preformed
polymer-matrix and the matrix is then placed in the second
reactant or its solution. Diffusion and the polycondensation
reaction between the reactants take place simultaneously under
these conditions. Such a process may be referred to as diffusion-
controlled polycondensation occurring in the matrix in the
mixing zone of the two components.

A gradient IPN, the matrix of which consisted of the
2-hydroxyethyl methacrylate - A'-vinylpyrrolidone copolymer
while the polymer with a concentration gradient was
polyurethane based on a diol or a triol and 1,6-diiso-
cyanato-2,4,4(2,2,4)-trimethylhexane, was obtained in this way.

III. Thermodynamic compatibility of the
components in layers of gradient interpenetrating
polymer networks
At a certain stage during the formation of the IPN, a
microphase separation of the components begins as a
consequence of thermodynamic incompatibility caused by
the formation of heterogeneous three-dimensional struc-
tures.3-20"22 The phase separation conditions are determined
both by the composition of the IPN and by the rate of
formation of the two networks. Apparently, the separation in
each layer of the gradient IPN occurs to different extents, since
the component ratio undergoes continuous layer-by-layer
variation. It is noteworthy that the microphase separation is not
completed in the IPN formed, which results in the formation of
nonequilibrium 'frozen structures', which are nevertheless
kinetically stable.3-10

The thermodynamic parameters which make it possible to
infer the compatibility of the components in layers at different
distances from the surface of the specimens have been
estimated23 in relation to the gradient IPN based on poly-
urethane and cross-linked poly(butyl methacrylate). The
changes in the free energy of mixing of the network
components Agx were estimated by analysing the isotherms for
the sorption of benzene vapour by the IPN specimens. Fig. 2
presents the variation of AgT in IPN layers on moving away
from the specimen surface (from the first to the fourth layer).
Evidently, Agx is positive, so that the components are
incompatible, as in the majority of the usual IPN.3-24-31"36 The
absolute value of Agx depends on the depth of the layer in the
specimen. This fact is due not only to changes in the
composition of the networks as the core of the specimen is
approached but also to changes in the phase separation
conditions in each layer of the IPN produced.

The different degrees of compatibility of the components in
the IPN layers influence the structure formed and at the same
time the properties of the component as a whole. Each layer in a
gradient IPN can be regarded as an independent two-phase IPN
with a different phase composition.23 By considering each phase
arising during the incomplete phase separation as an
independent quasi-equilibrium IPN,24 the authors23 estimated
the compositions and ratio for these phases. For this purpose,
they used Fox's equation,25 proposed for compatible polymer
blends, and the glass points obtained by the dilatometric method
both for the individual networks and for the networks in the
layers of the gradient IPN. In the gradient IPN based on
polyurethane, Tg refers to one of the phases enriched in PU or
the copolymer. The volume fractions of PU in the PU-enriched
phase and of the copolymer in the copolymer-enriched phase
were calculated from the corresponding glass points in the IPN
and in the layers of the gradient IPN.

1.0 -

0.9

0.8
Number of the layer

Figure 2. Variation of the free energy of mixing of the components in the
layers of gradient IPN.
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Analysis of the data obtained led to the conclusion that, as a
consequence of the incomplete separation, two phases are
formed in the layers of the gradient IPN, the composition of
which depends on the phase separation conditions in each layer.
As a result of the variation of the composition (and hence of the
thermodynamic compatibility of both networks), the degree of
segregation in each layer is different from that for the usual IPN
having the same composition.23

Thus gradient IPN are multicomponent systems, the
properties of which are determined by the presence not only of
the composition gradient but also of the phase composition
gradient and the phase ratio in the microphase systems.

IV. Relaxation properties and transition
temperatures
A considerable proportion of the studies on gradient IPN have
been devoted to dynamic mechanical properties. Information
about the transition temperatures and the compatibility of the
components in the test systems can be obtained from these data.
Thus two transition temperatures have been observed for the
IPN based on PMMA and PCEA (PMMA matrix)17 in a study
of the temperature dependence of the modulus of dynamic
losses: one at 263 K, corresponding to PCEA, and the other at
383 K, corresponding to PMMA. This indicates unambiguously
the occurrence of phase separation and the incompatibility of
the components in the IPN.

However, a single transition in the region between the glass
points Tg of the corresponding homopolymers has been
observed for the same IPN but with a PCEA matrix. The
transition temperature shifts to 323 K at a PMMA concentra-
tion up to 50%, which constitutes evidence, according to Martin
et al.,17 in favour of the absence of phase separation. As will be
shown below, the latter conclusion is hardly legitimate.

The mechanical relaxation properties of a polymer with a
composition gradient have been modelled for a qualitative
estimation of the influence of the change in composition on the
viscoelastic properties of a polymeric specimen with a glass

' + l)/MPa]

360 400 77 K

point gradient.26 A system consisting of eleven plates, differing
in the glass points by a known number of degrees determined by
the gradient, was adopted as the model gradient material for this
purpose.

Fig. 3 presents the calculated temperature variations of the
real component of the complex modulus of shear (lgG') of the
model gradient material, the layers of the material being
deformed in parallel. The presence of a glass point gradient
leads to the appearance of characteristic temperature variations,
which are less steep the higher the gradient. At the same time,
with increase in the temperature gradient, the height of the
maximum of the tangent of the angle of mechanical losses
(tan 5) decreases, becomes broader, and shifts by 8-10° into the
low-temperature region compared with the position of the tan $
maximum corresponding to a high glass point. It was also
established that, in the formation of the specimen in the
direction coinciding with the direction of the gradient (i.e. for
the consecutive deformation of the layers), the nature of the
temperature dependences of lgG' and tan <5 is predetermined by
the properties of the components having low glass points.
However, the tan S maxima for the gradient materials are shifted
towards higher temperatures by 5-7° relative to the tan S
maximum corresponding to the 'lowest temperature' component
and the changes in the height of the maxima are slight.

The theoretical data obtained led to the conclusion26 that
the temperature range of the transition state of the gradient
materials expands significantly, increasing with increase in the
temperature gradient. An important feature of materials of this
kind is the anisotropy of the properties in different directions,
which is manifested most strikingly in limiting cases where the
direction of the deformation is parallel or perpendicular to the
direction of the gradient.

Experimental studies 18'19 have confirmed to some extent the
above theoretical conclusions. Gradient IPN based on PU with
a network structure and the copolymer of butyl methacrylate
with triethylene glycol dimethacrylate1S or oligo(carbonate-
methacrylate)19 were obtained. The usual IPN having the same
composition were also obtained for comparison.

Fig. 4 presents the temperature variations of tan S for the
usual IPN based on PU and the butyl methacrylate-
oligo(carbonate-methacrylate) copolymer and also for their
components.19 Similar variations have also been obtained for
another IPN of a similar chemical nature.18 Evidently the tan d
maximum is observed at 248 K for PU and at 366 K for the
copolymer. For the IPN with 10 mass % of the copolymer, the
temperature dependence is characterised by the occurrence of
the relaxation cx-transition, corresponding to the acrylate

tan.5

0.4

0.2

303 383 77 K

Figure 3. Calculated temperature variation of lgG' (a) and tan d (b) for a
gradient model (« = 11) with different Tg gradients [(dTs/dx)/K]:
(1) <20; (2) 20; (3) 50; (4) 70 with parallel deformation of the components.

Figure 4. Temperature variations of tan S for PU, the copolymer, and
the IPN based on them with different component ratios: (1) PU;
(2) copolymer; (3) -(6) IPN containing 10, 20, 30, and 40 mass% of the
copolymer respectively.
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component, and is manifested by a distinct shoulder on the
descending branch of the curve in the temperature range
273 - 303 K (Fig. 4, curve 3). With increase in the fraction of the
copolymer in the IPN, the relaxation maximum corresponding
to the copolymer is manifested more distinctly and the
temperature range where this transition occurs shifts, with
increase in the copolymer concentration in the IPN, towards the
temperature range of the relaxation a-transition of the initial
copolymer (Fig. 4, curves 2-6).

The nature of curves 3-6 in Fig. 4 shows that the IPN are
two-phase systems in which both components form continuous
phases.27 The expansion of the temperature range of the
a-transition of the copolymer indicates the generation of an
extensive interfacial region in the IPN during the formation of
the acrylate network under these conditions.

Calculation of the segregation coefficients of the
components (a) by the method proposed by Rosovitskii and
Lipatov28 showed that a for all the IPN is in the range from 0.3
to 0.5 and tends to fall with increase in the fraction of the
copolymer in the IPN, i.e. the degree of segregation of the
components diminishes.

Thus the usual IPN are two-phase systems. However, the
observed shift of the tan 8 maximum along the temperature scale
for the copolymer in the IPN compared with its position in the
individual network and also its broadening indicate an
incomplete phase separation of the components in the formation
of the IPN. This confirms data indicating the thermodynamic
incompatibility of the components in the IPN of the same
chemical nature.

The gradient IPN-1 IPN-2 with different copolymer
contents, 30% and 15% respectively, have been investigated
layer-by-layer, both along the copolymer concentration gradient
and at right angles to it.19 Fig. 5 presents the temperature
variations of tan<5 for specimens obtained sections at right
angles to the concentration gradient. Analysis of the family of
curves and their shape as well as the intensity and relative
positions on the temperature scale of the maxima corresponding
to PU and the copolymer led the authors " to the conclusion
that, firstly, a copolymer distribution gradient is indeed
observed as one moves away from the surface of the specimen
and, secondly, the continuity of both phases in the gradient
IPN-1 containing a greater amount of the copolymer is observed
at a greater distance from the specimen surface than for IPN-2.

The average concentrations of the copolymer in the layers of
the gradient IPN were calculated from the observed linear
dependence of the glass point of the copolymer (Tg is the
temperature corresponding to the high-temperature tan S
maximum) on composition for the usual IPN. Thus the first
three layers in IPN-1 contained 38.6, 26.9, and 15.3% of the
copolymer, while the contents of the copolymer in the first and
second layers in IPN-2 were respectively 38.6 and 10.6 mass %,
i.e., for a greater average concentration of the copolymer in the
specimen, a more uniform distribution with respect to the depth
in the specimen is observed.

The study of the viscoelastic properties of sections obtained
along the copolymer concentration gradient revealed certain
differences (Fig. 6).1 8 1 9 For specimens representing a complete
section through the gradient system (Fig. 6, curves 2), a

tan 8 tani5
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Figure 5. Temperature variations of tan 8 obtained for perpendicular
sections through gradient IPN-1 (a) and IPN-2 (b): (/) PU; (2) copolymer;
(J)-(7) the first, second, third, fourth, and fifth sections respectively.
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Figure 6. Temperature variations of tan 8 for specimens obtained from
longitudinal sections of gradient IPN-1 (a) and IPN-2 (6): (/) PU;
(2) copolymer; (3)-(6) the first, second, third, and fourth sections
respectively.
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maximum is observed in the range 233-363 K. For IPN-1, the
maximum is observed at 308 K in the region corresponding to
the transition in the copolymer, while in the region of the
relaxation a-transition in PU there is a distinct shoulder. A
single broad maximum in the form of a plateau, overlapping the
region of the relaxation transitions in both components, is
observed for IPN-2.

The presence of broad maxima on the tan<5-7* curves is
probably not a result of the compatibility of the components in
the IPN but indicates a superposition of a large number of
relaxation maxima in layers with gradually varying composi-
tions.18 These data agree with the results of modelling26 and
also account for the appearance of a single but broad transition
for the PMMA-PCEA system, which has been erroneously
regarded 17 as evidence for the compatibility of the components.

The damping properties of the gradient and the usual IPN
based on PU and the butyl methacrylate - oligo(carbonate-
methacrylate) copolymer have been compared19 on the basis of
the analysis of dynamic mechanical spectroscopic data for these
systems. One of the integral parameters characterising the ability
of a material to scatter mechanical energy is known29> 30 to be
the area under the curve describing the temperature variation of
the imaginary component of the complex modulus of elasticity
(SE"-T), which is determined by the intensity and width of the
temperature range of the relaxation transition. For all the test
specimens, this parameter has been calculated by the method of
trapezia on a computer. For specimens of the usual IPN, the
values of this parameter have been calculated assuming
additivity.19

Examination of the results revealed that in general the
damping properties of the IPN investigated are superior to those
of the initial components (the SE"-T for the IPN are higher).
For gradient IPN specimens sliced at right angles to the
copolymer concentration gradient, SE"-T diminishes with
decrease in the concentration of the copolymer, whereas for
sections along the SE"-T gradient the values of SE"-T actually
increase with decrease in the copolymer concentration, i.e. the
anisotropy of the properties is observed, which confirms the
conclusions reached by Lipatov et al.26

Furthermore, it was found that the variation of the damping
properties of the usual and gradient IPN is not the same for
chemically similar IPN specimens: thus the damping
characteristics of the gradient IPN based on PU and the
butyl methacrylate-ethylene glycol dimethacrylate copolymer 18

are superior to those of the usual IPN, whereas the opposite
picture is observed for the IPN based on the same PU and the
butyl methacrylate-oligo(carbonate-methacrylate) copolymer.19

Thus analysis of the results of the study of the relaxation
characteristics of the usual and gradient IPN indicates a
significant difference between their viscoelastic properties.
Furthermore, the results of the modelling agree satisfactorily
with the experimental data.

V. Mechanical properties of gradient
interpenetrating polymer networks
The strength characteristics of gradient IPN have been
investigated in some studies. Thus, in a study of the IPN based
on PMMA and PCEA, Martin et al.17 established that the
gradient IPN differ from the usual IPN and the homopolymers
by a higher decomposition energy and that the deformation of
gradient IPN with a PMMA matrix and 30 mass % of PCEA
increased by an order of magnitude on decomposition compared
with the pure PMMA, while the strength of the IPN with a
PCEA matrix and 50 mass % of PMMA is 10-15 times higher
than that of PCEA.

The study of the mechanical characteristics of gradient IPN
based on PMMA and methyl methacrylate (MMA) showed13

that, whereas pure PMMA decomposes (at 373 K) on 2%
extension, the gradient IPN containing ~ 10 mass % of MMA

Figure 7. Stress - deformation curves for a gradient polymer (/), IPN (2),
and a statistical methyl methacrylate-methyl acrylate copolymer (i).

breaks after 10% extension. The introduction of 19 mass % of
MMA leads to the disruption of the IPN specimen only after
80% extension. Fig. 7 presents the stress - deformation relations
for PMMA-MMA specimens obtained in the form of a
gradient polymer, an IPN obtained by successive hardening, and
a statistical copolymer.13 Evidently, the gradient polymer is
subjected to the highest stress at rupture and the area under the
stress-deformation curve is greatest for this polymer.

Comparative study of the mechanical properties of the usual
and gradient PU-based IPN and the butyl methacrylate—tri-
ethylene glycol dimethacrylate copolymer (for the same
component ratios) showed (Fig. 8) that the highest strength
parameters are observed for the gradient IPN:18 the area under
the stress-deformation curve increases and so does Young's
modulus (the slope of the initial section of curve 3 is greater
than that of curve 2).

Thus when a gradient of the concentrations of the
components is established in a polymeric material, there is a
tendency towards an improvement in its mechanical properties.
Several hypotheses have been put forward to account for these
phenomena.1317 According to one of them, a gradient IPN is
regarded as an assembly of an infinite multiplicity of layers, the
compositions and moduli of elasticity of which vary mono-
tonically on moving away from the surface the bulk of the
specimen. On deformation of the specimen, all the layers are
stretched to the same extent and the stress in each layer
corresponds to its modulus. Such distribution of stresses
promotes the development of plastic deformation, and not
brittle rupture, and leads to an increase in the elongations at
rupture and rupture energies.
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Figure 8. Stress - deformation curves for polyurethane (/), a usual IPN
containing 33.7 mass % of the butyl methacrylate - triethylene glycol
dimethacrylate copolymer (2), and a gradient IPN containing
33.7 mass % of the copolymer (3).
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Another hypothesis attributes the increase in the strength of
gradient IPN to a decrease in the defectiveness of the surface
layers. One can postulate that the introduction of an elastomer
into the surface layer of a 'rigid' matrix inhibits the growth of
cracks and increases thereby the stress necessary to initiate
cracks. The study of the morphology of the specimens
confirmed that the presence of an elastic shell can increase the
stress corresponding to the formation of 'cracks'.17 The near-
surface layers (after the rupture of the specimen) proved to be
smoother than the internal regions of the specimen.

In order to confirm or reject the hypotheses proposed,
further studies involving the use of a wider range of gradient
IPN are needed.

VI. The use of the principle governing the
formation of gradient interpenetrating polymer
networks for the preparation of gradient lenses
and other polymeric materials
Polymers with nonlinear optical properties have found extensive
application in engineering at the present time,35-36 in particular
a series of polymeric materials based on IPN with nonlinear
optical characteristics have been obtained.37"39 These have
definite advantages over both inorganic materials and polymers
of other classes.38-39 Studies on the creation of gradient or
graded-index lenses — light-focussing elements based on
transparent materials with a parabolic distribution of the
refractive index — are of interest in this connection.40"51 Such
lenses have been used successfully in optoelectronics and wave
optics (adjusting devices, light beam dividers), in instrument
making, and medical engineering.

In most of the studies, the synthesis of graded-index lenses is
accompanied by the formation of gradient IPN. The possibility
of obtaining graded-index lenses from gradient polymers was
first pointed out by Ohtsuka.40 For this purpose, methyl
methacrylate was allowed to diffuse into a cylindrical gel matrix
consisting of a diallyl isophthalate (DAIP) prepolymer
(70 mass % of the monomer + a mixture of linear and
cross-linked polymers), the refractive index of methyl
methacrylate being lower than that of DAIP. The distribution
of the refractive index generated during the diffusion process
was 'fixed' by additional polymerisation. Refractive index
differences A«D «±0.04 were then obtained, which is
appreciably beyond the possibilities of the diffusion technology
in inorganic glasses.42

A similar polymer system has been used 4 1 4 2 4 4 to obtain
light-focussing elements (LFE). The physicochemical processes
constituting the basis of the preparation of such elements were
investigated in detail. Exchange diffusion processes in the
DAIP-MM A system were examined using Fick's equation. The
influence of various parameters (diffusion time, temperature,
diffusant concentration, etc.) on the variation of the refractive
index in the LFE was analysed.

Thus it has been established41 that the variation of the
diffusion coefficient with the diffusant concentration does not
alter significantly the optimum diffusion conditions and in many
instances impairs the distribution of «D compared with the case
in which there is a constant diffusion coefficient. In order to
create the maximum change in «D along the LFE cross-section,
it has been suggested40 that a polymerisation initiator (benzoyl
peroxide) be added to the diffusant (MMA). Bearing in mind
that Fick's equation cannot be used to calculate the «D profile
under conditions where polymerisation reactions take place, the
authors41 suggested that account be taken of the cessation of
the diffusion of some of the MMA and DAIP molecules. They
modified a series of equations for the calculation of the diffusion
coefficient and calculated the changes in the MMA and DAIP
concentrations during the preparation of the LFE and also the
variation of the no profile along the specimen cross-section.

It was noted41 that the use of monomers capable of forming
a network in the early stages of the polymerisation is very
important from the standpoint of the «D distribution obtained.
In the study of the influence of temperature on the variation of
the «D distribution along the LFE cross-section, it was shown
that, up to certain temperatures, the polymerisation reaction has
an insignificant influence on the no profile, but at high
temperatures, for example at 353 K, the influence of
polymerisation is reflected in a change in the distribution of
«D after only 20 min. In the preparation of polymeric LFE,
account must also be taken of the disappearance of the no
gradient along the LFE cross-section and its subsequent
restoration.41

An important conclusion reached by Marturunkakul et al.39

and Ohtsuka 40 is that it is essential to select systems capable of
increasing sharply the rate of polymerisation after the
attainment of a specified degree of conversion. This property,
called the gel effect, is characteristic of many vinyl monomers
during their radical block polymerisation. The gel effect plays an
important role in the formation of gradient lenses from gradient
IPN based on DAIP and MMA44 and on styrene-triethylene
glycol dimethacrylate (TGDM)-MMA.43-45-50 A characteristic
feature of the latter system is that, at a certain instant after the
beginning of the diffusion of MMA into the polymerised matrix
consisting of styrene and TGDM, rapid spontaneous
copolymerisation of the matrix monomers and the diffusant
up to virtually complete conversion takes place. After the
diffusion process has ceased, the nD profile generated at the
given instant is fixed.

The problem is how to make sure that the fixation of the
distribution of «D should occur at the instant when it is closest
to the ideal form4348 because one then rules out the separate
stage involving the fixation of the distribution of the refractive
index established during the diffusion process (characteristic of
other systems48), in which it is difficult to avoid the diffusion-
induced impairment of the distribution of «D •

A mathematical model has been proposed43-45 for the
establishment of the «D distribution profile and the following
conclusion was reached on the basis of the analysis of the results
of the modelling of the diffusion and copolymerisation processes
in the styrene-TGDM-MMA system: if the chosen amount of
initiator and the temperature are such that the gel effect begins
for a distribution «D close to that given by the expression

= «o sech(ar) ~ n0 ( 1 —

where «o is the refractive index along the axis of the lens, r is the
radius of the graded-index lens and a is the distribution
constant, then the distribution is preserved and the gradient lens
obtained is of good optical quality. The results of the modelling
have been confirmed experimentally and the optimum
conditions for the preparation of polymeric gradient elements
based on the copolymer of styrene with TGDM and MMA have
been proposed.43-45

Further study of the molecular diffusional exchange in the
DAIP-maleic anhydride (matrix)-MMA (penetrant) system
established the occurrence of diffusional anomalies52 when
specimens having different diameters are employed. It was
established that a disk model for the description of the
molecular diffusional exchange in the system investigated is
applicable to specimens having diameters between 5 and 12 mm.
On the other hand, for specimens with larger diameters (from 12
to 30 mm), a sharpening of the diffusion was, as it were,
observed and in addition the experimental refractive index
distribution (RID) curves differed from the Fick RID.53-54 Hui
et al.54 put forward ideas according to which the volume
fraction of the penetrant on the surface may increase to an
equilibrium value, the rate of change of the volume fraction of
the penetrant (at any point on the surface) being determined by
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the rate of deformation of the creep, which depends on the
osmotic pressure arising in the polymer during swelling. Here it
has been suggested that the longitudinal viscosity diminishes
exponentially with increase in the concentration of the
penetrant. Bukhbinder et al.52 suggested that the concentration
of the penetrant at the boundary increases fairly slowly, so that
for short times (diffusion into specimens having small diameters)
conditions are not attained under which there is a sharp decrease
in viscosity accompanied by an abrupt increase in the diffusion
coefficient. Thus the mechanism of the diffusion in specimens
with small diameters is close to the Fick mechanism, whereas,
on passing to specimens with a large diameter (an increase in the
diffusion time), the equilibrium concentration reaches the
threshold value. After the attainment of the threshold value,
there is a sharp jump in the diffusion coefficient and a front
begins to be formed on the RID curves. This front can be
regarded as the moving boundary of the penetrant, which is
equivalent to a decrease in the effective diameter of the specimen
as a function of time. The proposed explanation for the
diffusional anomaly is supported by the fact that a large change
in «D along the cross-section, virtually equal to the theoretical
change, can be attained in large-diameter specimens, in contrast
to specimens with a small diameter. Thus a reasonable
explanation of the observed diffusional anomaly has been found
and an interesting conclusion has been reached: the geometrical
factor (the change in the dimensions of the specimens) is
important in the preparation of graded-index lenses with a
specified RID.

The possibility of using gradient IPN of different nature for
the preparation of polymers with hard external, soft internal,
and intermediate zones and with a continuously varying
composition has been demonstrated.55

In order to obtain materials with a surface susceptible to
hydration, which can replace protective coatings in
arteriovenous shunts, a gradient IPN based on oxyethylene
methacrylate monomers and a silicone rubber has been
employed.56

The possibility of forming grains from hydrogels, the surface
layer of which consists of a gradient IPN acting as a membrane
permitting the regulation of the migration of the water-soluble
medicinal substances absorbed by the grains, has been
demonstrated in relation to gradient IPN based on polyurethane
and cross-linked polymers consisting of 2-hydroxyethyl
methacrylate and jY-vinylpyrrolidone.34-57"59 This makes it
possible to create new forms of long-acting medicinal
preparations.

Gradient IPN are promising for the preparation of
vibration- and sound-proofing materials.4-18 It is possible to
apply the principle governing the formation of gradient IPN in
other fields as well. Thus, the use of IPN as adhesives, especially
for polymeric substrates, is promising. It has been shown59 that
in this instance an adhesion junction consisting of a gradient
IPN is formed. The authors used the IPN based on polyurethane
and the MMA-triethylene glycol dimethacrylate (TEGDM)
copolymer for glueing vulcanised natural rubber (NR) to
poly(vinyl chloride) (PVC). It was established that, as a
consequence of the diffusion of the MMA and TEGDM
monomers into the polymeric materials and subsequent
hardening of the composition, two gradient IPN are formed: a
three-component gradient IPN consisting of natural rubber, PU,
and the copolymer is produced at the interface with natural
rubber, whilst a three-component IPN, consisting of PVC, PU,
and the copolymer, is formed at the interface with PVC. The
thickness of the transitional layer at the interface with natural
rubber reaches 30 um, while that at the interface with PVC
reaches 20 um. The thickness of the transitional layers as well as
the adhesive strength can be regulated by varying the duration
of contact between the unhardened composition with natural
rubber and PVC and also by employing different procedures for
the preparation of the IPN-adhesive, namely by employing the
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Figure 9. Dependence of the strength of a complex capron filament in the
presence of an IPN in its surface layer at 373 K.

prepolymerisation MMA or the simultaneous mixing of the
components and subsequent hardening of the composition.

It has been shown 60 that the method for the preparation of
gradient IPN for the improvement of the physicochemical
characteristics of synthetic fibres and organic plastics based on
the latter is promising. This has been demonstrated in relation to
polyamide fibres, which were swollen for different times in an
alcoholic solution of a phenol-formaldehyde oligomer
containing a hardening agent with subsequent hardening of
the binder. This resulted in the formation in the surface layer of
the fibre of a gradient IPN, the matrix of which is the
polyamide, while the hardened phenol-formaldehyde layer is
distributed in it with a certain concentration gradient.
Physicochemical study of the fibres obtained showed that
the modified fibres are more effectively wetted by solutions of
the phenolic oligomer and that their heat resistance is improved:
the temperature of the onset of degradation increases to 373 K
and the mass loss in the temperature range 373-473 K is smaller
by a factor of 2 than for the initial fibres. The strength
properties of the fibres at room and elevated temperatures also
increase under these conditions. The strength of the hardened
oligomer in the surface layer of the fibres (Fig. 9) varies non-
monotonically. The curve has two maxima in the regions where
the contents of the IPN are 1.8-4.5 and 22 mass %. The
breaking stress on compression of organic phenoplastics,
obtained from the modified fibres, is 50% greater than for the
plastics obtained from the initial fibres, i.e. the application of
the method for the preparation of gradient IPN is promising for
the preparation of organic plastics with improved
physicomechanical characteristics.

VII. Conclusion
The preparation of gradient IPN is a promising procedure for
the specific modification of the surface layers of monomers with
a three-dimensional structure, which makes it possible to impart
to them new characteristics — to improve the optical and
mechanical properties of composites based on them, to alter the
relaxation behaviour, etc.

Variation of the degree of thermodynamic compatibility of
the matrix network with the monomer or polymer diffusing in it
and the conditions governing the diffusion process (diffusion
time and temperature) makes it possible to regulate specifically
the thickness of the layer with a composition gradient and at the
same time to obtain polymeric composites with specified
characteristics.

The number of gradient IPN obtained and investigated
hitherto is unfortunately small. However, a series of materials
based on IPN of this type have already found quite definite
applications in various branches of engineering and biomedicine.
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As is frequently the case, the studies on the preparation and
practical employment of the gradient IPN have outstripped those
on the mechanism of their formation, structure, and the relation
between structure and physicochemical properties. Furthermore,
during the formation of gradient IPN, there is a change not only in
the ratio of the components in the layers but also in the formation
conditions, in particular phase separation conditions in the layers
of gradient IPN, which should alter the morphological
characteristics and the properties of these layers compared
with the IPN obtained by the usual methods.

Studies along these lines have only just begun. The available
information about the layer-by-layer variation of the
morphology in gradient IPN is limited. It is of interest to
obtain multicomponent IPN with a composition gradient and to
investigate their formation and properties. Analysis of the
available data on gradient IPN does not as yet permit definite
conclusions about the causes of their different properties. It may
be that, for a certain change in the formation conditions, it is
possible to obtain a particular gradient for the same polymer
system. All the problems noted here and others listed above
require further investigations in order to be able to create new
gradient systems. The synthesis of gradient IPN leads to new
prospects for the preparation of polymeric materials and it is so
far difficult to predict what diverse combinations of properties
these systems will possess. In addition, further studies on
gradient IPN as well as other types of IPN are extremely
important from the standpoint of the theory of the formation of
multicomponent polymer systems and the principles governing
the preparation of composite polymeric materials from them.

In conclusion, one should note that the synthesis of gradient
IPN is only one of the ways of obtaining gradient polymeric
materials. There are also other procedures. Recent
investigations,61"64 in which a fundamentally new aspect of
the creation of gradient polymeric materials from network
copolymers has been developed, are particularly interesting. In
order to obtain other polymeric materials, in which the modulus
of elasticity varies smoothly within the boundaries of one
specimen in a specified direction (in the absence of transitional
layers and interfaces), an approach based on the creation of
dense-network structures containing bulky rigid nodes
connected by flexible linear chains with a controllable length
has been employed. The creation of such structures has been
demonstrated experimentally in the synthesis of network
polyisocyanurates, in which the role of the node was assumed by
isocyanurate rings with the aromatic rings adjoining them and
the role of the internodal fragment was assumed by fairly short
but flexible organosilicon chains61'62 or short chains based on
the oligomeric tetrahydrofuran - epoxypropane copolymer.64

This resulted in the formation of materials in which the modulus
of elasticity varies smoothly within a single specimen in the
specified direction from 4.5 MPa to 2.0 GPa, i.e. a smooth
transition from a rubber to a plastic has been achieved. The
following conclusion is of fundamental importance: despite the
fact that the range of moduli for the materials synthesised
overlaps the values characteristic of the region corresponding to
the transition from the vitreous to the highly elastic state, the
materials obtained exhibit elastic and not viscoelastic properties,
behaving, for example, as glasses or rubbers.64 Studies on these
lines are being vigorously prosecuted.

This review has been written in the course of studies carried
out with the support of the International Scientific Fund (grant
UAZ 000).
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Abstract. Various aspects of interaction of the antitumour
glycopeptide antibiotic bleomycin with nucleic acids are con-
sidered. Data on equilibrium binding parameters obtained by
various physicochemical methods have been collected and
compared. The contribution of N- and C-terminal domains of
the glycopeptide molecule to the binding with DNA and sequence
specificity of DNA cleavage are discussed. Data on a recently
created new class of compounds — bleomycin-oligonucleotide
conjugates — are presented. These compounds, like antibiotics,
possess DNA-cleaving activity (also in a catalytic manner) together
with high selectivity towards a selected nucleotide sequence. The
bibliography includes 267 references.

I. Introduction
1. A brief review of the bleomycin antibiotics family
The discovery and pioneering studies on the family of bleomycin
antibiotics date back to 1963 when a group of Japanese
investigators headed by Umezawa detected a substance possessing
a high antibiotic activity in the culture fluid of the mutant strain of
the soil bacterium Streptomyces verticillus. Just three years later, in
1966, a wide range of structurally related compounds, given
common name of bleomycins, were isolated.1-2 Owing to their
beneficial therapeutic effects, these compounds have found wide
use in the clinical practice as valuable pharmaceutical drugs
endowed with both antibacterial and, even more important,
antitumour activities.3"8 The major area for clinical application
of bleomycins is in the chemotherapy of malignant tumours,
particularly of lymphomas and squamous carcinomas.9 12 Along
with their high antitumour activity, bleomycins are characterized
by relatively low toxicity and lack of immunodepressive action
which makes them helpful tools in combined chemotherapy.1314

Applications of bleomycins in clinical oncology have been
described in numerous reviews and special publications.13"20

Simultaneously with practical applications of bleomycin
antibiotics, in-depth studies into their actions on the cell were

D S Sergeev, V F Zarytova Division of Chemistry of Nucleic Acids,
Novosibirsk Institute of Bioorganic Chemistry, Siberian Branch
of the Russian Academy of Sciences,
prosp. Akad. Lavrent'eva 8, 630090 Novosibirsk, Russian Federation.
Fax: (7-383) 235 16 65, tel: (7-383) 239 62 24,
E-mail: zarytova@modul.bioch.nsk.su

Received 28 August 1995
Uspekhi Khimii65 (4) 377 - 402 (1996); translated by R L Birnova

under way. It turned out that the main target for bleomycin
antibiotic action in the cell is DNA.21-22 Bleomycin has a number
of actions coupled to DNA degradation, namely, the loss by animal
and bacterial cells of their ability to form colonies,5 inhibition of
DNA synthesis,6-23 chromosomal aberrations,24 intracellular DNA
degradation to acid-soluble products,25 and DNA dissociation
from the membrane complex.26 These findings prompted extensive
research concerned with bleomycin interactions with DNA with
special emphasis on its binding to DNA, action mechanisms,
cofactors required, etc. Recent studies have demonstrated that
bleomycin can also cleave RNA. This important discovery gave a
strong impetus to further studies into the action mechanisms of
bleomycin and the basis for its biological activities.

To date, a great body of information on this antibiotic has been
accumulated in the literature. Some of the data concerning the
nature of bleomycin interactions with DNA are presented in this
review.

2. Functional domains of bleomycin
Since the initial isolation of individual bleomycins, intensive studies
have taken place with the aim of establishing the structure, the
elucidation of which required a vast variety of chemical and
physicochemical methods including NMR spectroscopy and X-ray
analysis. For general features, this work was completed by 1972.27

In 1978, the bleomycin structure was finally elucidated;28 total
chemical synthesis of bleomycin A2 was carried out in 1982.29

Bleomycins are glycopeptides with a molecular mass of about
1500 Da. The fragment of the molecule (termed as bleomycinic
acid) common to all bleomycins consists of pyrimidoblaminic acid,
p-hydroxyhistidine, 4-amino-3-hydroxy-2-methylpentanoic acid,
threonine, 2'-(2-aminoethyl)-2,4'-bithiazole-4-carboxylic acid
linked by peptide bonds, and a carbohydrate moiety containing
3-(0-carbamoyl)-D-mannose and L-gulose attached to the
hydroxyl group of p-hydroxyhistidine. The structures of bleomy-
cin (Blm) and C-terminal amines of the most commonly occurring
bleomycins are given below. Individual bleomycins differ from one
another by the terminal amine bound to the carboxyl group of the
bithiazole residue. Bleomycinic acid (Blm—OH) represents a
compound with OH instead of NHX. Depending on the
composition of their terminal amines, bleomycins are divided
into two subgroups: A and B. Group A bleomycins carry in their
terminal amine both primary and secondary amino groups with
the exception of bleomycins Ai and A2; group B bleomycins have
guanidinium groups. Studies on bleomycin carried out abroad were
largely performed on bleomycin A2 and blenoxane, a mixture of
bleomycins A2 (60%-65%), bleomycin B2 (30%) and minor
components (B4, A5, etc.). In our country, bleomycin A5 is
routinely used in clinical practice and in laboratory studies.
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Metal-binding domain

OH
9H *

X

NH(CH2)3S+(CH3)2

NH(CH2)3NH(CH2)4NH2

NH(CH2)3SCH3

NH2

NH(CH2)4NHC(NH)NH2

NH(CH2)3NH(CH2)3N(CH

I T , I DNA-binding domain

O^NH2

Blm-X

Name

Bleomycin A2

Bleomycin A5
Demethylbleo-

mycin A2

Bleomycin B'2
Bleomycin B2

:2)4 Bleomycin BAPP

Designation

(Blm-A2)
(Blm-A5)
(DMBlm-A2)

(Blm-B'2)
(Blm-B2)
(Blm-BAPP)

In parallel with the determination of the bleomycin structure,
general concepts of molecular mechanisms of their biological
activity were developed. It was found, in particular, that bleomycin
can interact with DNA and form strong noncovalent complexes
with it.30"34 Bleomycin can also form complexes with metal ions
and cause DNA degradation in the presence of Fe(II) ions and
molecular oxygen.35"37 Based on these findings, the bleomycin
molecule was conventionally divided into domains in accordance
with their specific function.38"40 Pyrimidoblaminic acid and (5-
hydroxyhistidine are involved in the metal-binding domain. The
primary and secondary amino groups present in this domain
provide for the formation of a tight complex with many transient
metals.41"44 The bithiazole residue and the C-terminal amine
responsible for the binding to DNA are termed 'the DNA-binding
domain'. 4-Amino-3-hydroxy-2-methylpentanoic acid and threo-
nine determine the reciprocal arrangement of these two domains
needed for the tight binding and effective cleavage of DNA.
Finally, the disaccharide favours the binding of molecular oxygen
which, in turn, is necessary for oxidative cleavage of DNA.4546

II. Binding of bleomycin to nucleic acids
1. Parameters of equilibrium binding
An assumption that bleomycin binds to DNA was made as long ago
as 19693O-33 and the first evidence for the binding of tritium-
labelled bleomycin A2 to E. coli DNA was obtained a year
thereafter.34 However, systematic studies of this process employing
physicochemical methods were begun only in the late 1970s. The
discovery of quenching of bleomycin fluorescence in the binding of
the antibiotic to DNA was a boon for experimenters.38 Being light-
excited at the wavelength of 300 nm, bleomycins produce two
emission bands with maxima at 353 and 405 nm. Light with a
wavelength of 353 nm is emitted by the bithiazole residue and
exceeds in intensity the emission of the 4-aminopyrimidine ring at
405 nm. Addition of calf thymus DNA to bleomycin solutions

results in significant (up to 50%) quenching of the fluorescence at
353 nm. This finding made it possible to quantify both bound and
free bleomycin and to calculate, at variable concentrations of
DNA, the apparent equilibrium binding constant, Kapp, and the
number of DNA nucleotides per bound molecule of the
antibiotic, n. The A p̂p and n values were also determined using
equilibrium dialysis,47"49 gel filtration49 and circular dichroism
spectroscopy (CD).50"52 The values of Kapp and n determined by
different methods are summarized in Table 1.

As can be seen from Table 1, the binding constants determined
by different authors for metal-free bleomycin A2 vary from 105 to
106 dm3 mol"1. The number of DNA base pairs per bound
antibiotic molecule also varies significantly in different studies,
being equal, on average, to 3 -10 pairs. The lower values cited in the
most recent papers 52-55 appear to be far more reliable. An increase
in ionic strength does not affect the Kapp values but increases the n
value, thereby decreasing the number of accessible binding
sites.38-54 Interestingly, bleomycin binding to homogenous DNA
of poly(dG) • poly(dQ and poly(dA) • poly-(dT) appears to be
stronger than that to heterogeneous DNA, and parameter n4 9

is greater in the former case. The binding of bleomycin to the
bivalent copper ion slightly decreases the binding constant but
increases the number of accessible binding sites.49-57 At the same
time, the binding constant for the blenoxane - Fe(lll) complex is
twice as high as that for blenoxane itself, while the number of
accessible binding sites is the same in both cases.56 Bleomycin
complexes with Co(III) are characterized by Kapp of 105 to
107 dm3 mol"~l depending on the nature of the chelated
ligand.5059 An increase in ionic strength strongly decreases the
constant of binding of bleomycin - copper and cobalt complexes to
DNA without any change in the number of base pairs per bound
molecule,48'59 thus suggesting that electrostatic interactions have a
role in this process.

Evidence concerning the parameters of bleomycin binding to
RNA is very sparse in the current literature except for a study,61 in
which A'app and n values for blenoxane binding to yeast
phenylalanine tRNA were determined by the fluorescence
quenching method. The parameters of binding to this tRNA
are close to those for DNA (AaPP = 0.86 x 105 dm3 mol"1 and
n = 25 in 5 mmol dm~ 3 phosphate buffer pH 7.0).

Most of the data listed in Table 1 were obtained using the
method of quenching the fluorescence of bithiazole rings. This
widely used procedure, which has a number of indisputable
advantages (simplicity, rapidity, etc.), also has some limitations.
Firstly, the quantum yield of this fluorescence is rather low (ca.
0.01) ,38 Chelation of the metal ion leads to a further decrease in
bleomycin fluorescence,54'57 which imposes certain restrictions on
the accuracy of the experimental results. Secondly, according to
recent data,55 upon excitation by light with a wavelength of
300 nm, the intensity of bleomycin fluorescence decreases
significantly with time due to the decay or phototransformation
of the bithiazole residue that has been neglected in earlier studies.
Finally, bleomycin fluorescence is effectively quenched not only by
double-stranded DNA (binding data are given in Table 1) but also
by single-stranded DNA and RNA.54-57 However, it is known that
neither single-stranded DNA nor RNA protect double-stranded
DNA from bleomycin action.62"65 Apparently, the mode of
bleomycin fluorescence quenching by these substrates depends
on the binding type and affinity. The fact that, after incubation
under identical conditions and subsequent dialysis,34 the amount of
tritium-labelled bleomycin on double-stranded E. coli DNA
exceeds 30-fold that on ribosomal RNA, provides additional
evidence that fluorescence quenching does not indicate strong
binding. Moreover, the fluorescence quenching itself depends, in
turn, on the composition of DNA: poly(dG)- and
poly(dG) • poly(dQ sequences quench the fluorescence to a
greater extent.54-57 Presumably, the ATapp and n values listed in
Table 1 are mean values for different binding sites displaying
different affinity.
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Table 1. Parameters for equilibrium binding of bleomycins,

Compound 105 # b /dm 3

mol"1 a

Heterogeneous DNA at low ionic strength

Blm-A2 1.2 ±0.2

0.34 ±0.04

7.8 ±0.5

1.0

Blenoxane * 9.3

4.1

11 ±1

3.4 ±0.5

25 ±3

7.6

6

10

Heterogeneous DNA at ionic strength of 25 - 50 mmol dm ~3

Blm-A2 0.92 ±0.01

3.2

8.1

5.7 ±0.5

6.8 ±0.4
2.5 ±0.1

Homogeneous DNA

Blm-A2 26 ±1
3.9 ±0.2

19 ±1
2.7 ±0.1

69.5
0.51

87.0
0.50

Heterogeneous DNA

Cu(n)Blm-A2 2.3

3.9 ±0.3

4.4 ±0.4
1.7 ±0.1

18 ±1
2.6 ±0.1

10±l
1.7 ±0.1

52±4

417

36

7.4 ±0.6

7.8 ±0.4
6.6 ±0.6

22.8 ±0.8
9.0 ±0.6

29.4 ±0.6
13.2 ±0.4

19.2
2.7

20.4
2.6

77

5.6 ±0.4

5.6 ±0.4
4.2 ±0.2

20.2 ±0.4
8.2 ±0.6

22.0 ± 0.6
12.0 ±0.6

metal-containing bleomycins, and

Buffer conditions

1.2mmoldm-'NaCl,
2.5 mmol dm ~3 Tris - HC1
(pH8.4)

1.2mmoldm-3NaCl,
2.5 mmol dm-3Tris-HCl
(pH8.4)

1.2mmoldm-3NaCl,
2.5 mmol dm- 3 Tris-HC1
(pH8.4)

1.2 mmoldm-3NaCl,
2.5 mmol dm"3Tris-HC1
(pH8.4)

0.8 mmol dm ~3 sodium
citrate (pH 5.5)

1.0 mmol dm-3Tris-HCl
(pH 8.0)

1.2mmoldm-3NaCl,
25 mmol dm-3Tris-HC1
(pH8.4)

15 mmol dm-3NaCl,
15 mmol dm-3Tris-HCl
(pH 8.4), 1.5 mmol dm"3EDTA

50 mmoldm-3NaCl,
1.5 mmol d m 3 Tris-HC1
(pH8.4)

25 mmoldm-3Na2HPO4

(pH7.0)

25 mmoldm-3Na2HPO4

(pH7.0)

25 mmol dm-3Na2HPO4

(pH7.0)

25 mmol dm-3Na2HPO4

(pH7.0)

25 mmoldm-3NaCl
10 mmol dm"3Na2HPO4

(pH 6.8)

100mmoldm-3NaCl,
10 mmol dm~3Na2HPO4

(pH6.8)

15 mmol dm-3NaCl,
15 mmol d m 3 Tris ^HCl
(pH 8.4), 1.5 mmol dm - 3 EDTA

25 mmol dm"3Na2HPO4

(pH7.0)

25 mmol dm 3Na2HPO4

(pH7.0)

25 mmol dm-3Na2HPO4

(pH7.0)

25 mmol d m 3 N a 2 H P O 4

(pH7.0)

bleomycin A2 C-terminal

DNA

Calfthymus

Salmon
sperm

Calfthymus

Col El

Calfthymus

Calfthymus

n

li

it

II

poly(dG) poly(dQ

poly(dA) poly(dT)

poly(dA) poly(dT)

poly(dA)poly(dT)

Calfthymus

II

II

poly(dG) poly(dQ

poly(dA) poly(dT)

fragments to DNA.

Method b

F

F

F

F

E

F

F

F

F

G

E

E

E

F

F

F

G

E

E

E

Ref.

38

53

54

55

47

56

38

57

54

49

49

49

49

58

58

57

49

49

49

49
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Table 1 (continued).

Compound

Cu(II)Blenoxane

Fe(III)Blenoxane

Fe(III)Blm-A2

Co(IH)Blm-A2

105 ATb/dm3

mol"1 a

0.2

0.01

0.012

9.6

3.5
(PH7.4)

4.7 ±0.4

1.5 ±0.2

n a

8

8

8

10

5.2

10 ± 2

10±2

Buffer conditions

25 mmol dm"3Tris-HC1
(pH7.0)

50 mmol dm"3NaCl,
20 mmol dm-3Tris-HCl
(pH8.0)

50 mmol dm-3NaCl,
20 mmol dm-3Tris-HCl
(pH8.0)

1 mmol dm^3 Tris-HC1
(pH8.0)

50 mmol dm"3Hepes

1 mmol dm"3NaCl,
20 mmol dm-3Tris-HCl
(pH8.0),l mmol dm"3EDTA

20 mmol dm"3NaCl,
20 mmol dm ~3 Tris - HC1
(pH8.0),l mmol dm"3EDTA

DNA

Calfthymus

it

n

ti

ti

ti

it

Method b

F

F

E

F

CD

F

F

Ref.

48

48

48

56

51

59

59

HOJ - Co(III)Blm-A2 130 ± 30

H2O-Co(IIl)Blen- 500 ±100
oxane

19 ±3

Cu(II)Blm-A5

Ni(II)Blm-B2

8 ± 2 20 mmol dm - 3 NaCl,
20 mmol dm- 3Tris-HCl
(pH8.0),l mmol dm"3EDTA

6 ± 2 1 mmol dm~3NaCl,
20 mmol dm- 3Tris-HCl
(pH8.0),l mmol dm"3EDTA

26 ± 2 140 mmol dm - 3 NaCl,
20 mmol dm- 3Tris-HCl
(pH8.0),l mmol dm"3EDTA

14 15 mmol dm"3NaCl,
15 mmol dm ~3 Tris -HC1
(pH 8.4), 1.5 mmol dm~3EDTA

TripeptideSd 1.95 ±0.04

0.59 ±0.01

4.5

10

1.5

Acetyldipeptidee 7.5

59

59

59

57

8±1

35 ±4

5

5

5

16

16

100 mmol dm"3NaCl,
10 mmol dm-3Na2HPO4

(PH7.5)

1.2 mmol dm"3NaCl,
2.5 mmol dm"3Tris-HC1
(pH8.4)

1.2 mmol dm"3NaCl,
25 mmol dm"3Tris-HCl
(pH8.4)

1.25 mmol dm"3NaCl,
2.5 mmol dm"3Tris-HC1
(pH8.4)

0.8 mmol dm ~3 sodium citrate
(pH5.5)

2 mmol dm~3Tris-HCl
(pH8.0),l mmol dm~3EDTA

0.1 mmoldm-3EDTA,
10 mmol dm"3sodium
cacodylate(pH7.0)

0.1 mmoldm~3EDTA,
10 mmol dm"3sodium
cacodylate (pH 7.0)

12-Meric
duplex

Calfthymus

it

ti

Col El

ti

Calfthymus

poly(dA) poly(dT)

CD

F

F

F

F

F

F

F

52

38

38

55

47

47

60

60
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Table 1 (continued).

Compound 105ATb/dm3 n a Buffer conditions
mol- 1 a

DNA Method b

359

Ref.

Acetyldipeptidee 27.0
0.66

20.8
4.8

74.9
0.28

41.7
5.0

poly(dA) poly(dT)

poly(dA)poly(dT)

58

58

25mmoldm~3NaCl,
10mmoldm- 3Na 2HPO 4

(pH6.8)

100 mmoldm- 3NaCl,
10 mmol dm- 3 Na 2 HPO 4

(pH6.8)

a Where two values are indicated, the former corresponds to strong binding, and the latter to weak binding.
b F is fluorescence quenching; E is equilibrium dialysis; G is gel filtration; CD is circular dichroism spectroscopy.
c Blenoxane is a mixture of bleomycin A2 (60% - 70%), bleomycin B2 (30%) and minor components (bleomycin A5, bleomycin B4 , demethylbleomycin A2 , etc.)
used as a chemotherapeutic drug.
dTripeptideS: e Acetyldipeptide:

1
H3 NH N-

//O (
H3C CH3

Another method of using the fluorescence quenching
technique for a determination of the parameters of bleomycin
binding to DNA has been described by Sakai et al.58 In this study,
the fluorescence was excited at a wavelength of 260 nm (not
300 nm) as usual. This made it possible to increase the difference
between the fluorescence of DNA-bound and free bleomycin and
thus to increase the sensitivity of the method, as a result of which
two binding constants could be obtained for bleomycin binding to
poly(dA) • poly(dT). One of them, which reflects the binding of one
molecule of the antibiotic per 10 base pairs, corresponds to
stronger binding and is equal to (7-9) x 106 dm3 mol~', whereas
the other one, which reflects the binding of one bleomycin molecule
per 1.5 base pairs, is 5 x 104 dm3 mol ~'. The existence of different
binding sites was also demonstrated by applying the method of
equilibrium dialysis to tritium-labelled bleomycin A2 and its
copper complex.49 The difference between K\w and K\w

determined for calf thymus DNA appeared to be insignificant
(6.8 x 105 and 2.5 x 105 dm3 mol~ ')• A greater difference between
the binding constants was observed when bleomycin A2 was bound
to the homopolynucleotides poly(dG) • poly(dQ and
poly(dA) • poly(dT) (Table 1).

Hence, the parameters of equilibrium binding obtained by
various methods suggest a significant affinity of bleomycin and its
metal complexes for double-stranded DNA. Strong binding of the
antibiotic to the double helix precedes a cascade of events resulting
in oxidative degradation of the DNA chain.41'66

2. The role of domains in binding
a. The role of the bithiazole residue and C-terminal amine in
bleomycin binding to DNA
Historically, NMR spectroscopy was the first and the most
informative method to shed some light on the involvement of
certain parts of the bleomycin molecule in the binding to DNA.
Bleomycin interaction with calf thymus DNA was accompanied,
first of all, by broadening and changes in the intensity of the signals
in the 'H NMR spectrum of the bithiazole residue and the
dimethylsulfonium group, thus suggesting the strongest binding of
these fragments of the bleomycin A2 molecule to DNA.38 The
phenomenon of quenching bithiazole ring fluorescence detected by
Horwitz et al. also argues for the interaction of the bithiazole
residue with DNA. This pioneering study was followed by a vast
series of NMR investigations into interactions of bleomycin A2
and its derivatives with poly(dA)-poly(dT).40-58-60-67-71 It was

found that significant spectral changes were observed only in the
binding of bleomycin to double-stranded DNA, being maximal for
the signals for the aromatic protons of the bithiazole residue, which
upon interaction with poly (d A) • poly(dT) broadened and shifted
upfield. An upfield shift was also noted for adjacent protons:
CH3 - S+ and CH2 - S+ of the terminal amine, CH2 - N of the 2'-
substituent of the bithiazole residue, and C//(CH3)CO of
methylpentanoic acid.67

CH

HO.

H2N'

H2N

C-Terminal fragment Blm-As

Similar results were obtained in the study of binding of
bleomycin and its metal complexes to short duplex fragments of
DNA.52-72"75

The use of the nuclear Overhauser effect (NOE technique)
made it possible to detect complex formation between bleomycin
containing a Zn(II) or Fe(II) ion in the metal-binding domain, and
DNA.68 In this case, bleomycin acts as a spacer between DNA and
the metal ion. The general changes in the chemical shifts for the
protons of bleomycin during the formation of such a complex
virtually represent overall changes produced by chelation of the
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metal ion and its binding to DNA.40 The signals for the protons of
the N-terminal fragment of the molecule comprising (3-hydroxy-
histidine and disaccharide change only upon their interaction with
the metal; those in the C-terminal dipeptide, only during the
binding to DNA, whereas the signals for the protons of 4-amino-3-
hydroxy-2-methylpentanoic acid and threonine are equally
sensitive to the both interactions.

The same research group studied the binding of C-terminal
fragment of bleomycin A2, C-terminal fragments of Blm-A2
(acetyldipeptide, tripeptide S, tetrapeptide S) and Blm-A5, to
DNA. The nature of changes in the signals for bithiazole ring and
terminal amine protons was identical for both the entire bleomycin
molecule and its C-terminal fragments.58'60-67-69 Thus, the NMR
spectroscopy data suggest that the C-terminal fragment of the
bleomycin molecule containing 2'-(2-aminoethyl)-2,4'-bithiazole-
4-carboxylic acid and the terminal amine binds to DNA to a
greater degree and apparently determines the strength of binding.

This conclusion was supported by the data obtained by
equilibrium methods. The parameters of binding of tripeptide S
and acetyldipeptide to DNA practically coincide with those for
bleomycin A2 (Table I).38-47-55-58-60 An attempt was made55 to
establish a correlation between the values of binding constants for
the C-terminal fragments of bleomycin A2 and their increasing
lengths, beginning with the dipeptide fragment. The latter plays a
crucial role in the binding; L-threonine increases the binding
constant by a factor of 2, while 4-amino-3-hydroxy-3-methyl-
pentanoic acid and P-hydroxyhistidine have no effect on the
magnitude of the binding constant.

This finding is consistent with the ability of bleomycin
C-terminal fragments to inhibit DNA cleavage by the complete
antibiotic.76-77 Unlike other inhibitors, C-terminal fragments
diminish the cleavage proportionally to each cleavage site, i.e.,
the inhibition is competitive.76 It is necessary to mention in this
connection that bleomycin analogues devoid of the bithiazole
residue or C-terminal amine cleave DNA far less effectively than
the bleomycin itself.78 ~81 At the same time, they can chelate the
iron ion and effectively oxidise some organic substrates, e.g.,
m-olefins.78

b. The role of electrostatic interactions in bleomycin binding to DNA
As can be seen from Table 1, the parameters of bleomycin binding
to DNA depend on ionic strength, thus implicating electrostatic
interactions between bleomycin and DNA. An increase in ionic
strength also leads to a loss of the upper threshold of fluorescence
quenching.54 Similarly, an increase in ionic strength from 10 to
150 mmol dm~3 strongly attenuates the changes in the chemical
shift of the aromatic protons H(5) and H(5') of the bithiazole
residue and methyl C//3 — S+ protons of bleomycin A2 interacting
with poly(dA) • poly(dT). Under these conditions, the changes in the
chemical shifts of protons C//2 — N of the substituent at position 2',
of bithiazole and CH2 — S+ of the C-terminal amine, are
completely suppressed. No changes in the 'H NMR spectrum
of bleomycin added to DNA are observed at an ionic strength of
1.0 mol dm"3. 71

It should be noted that the bleomycin molecule (devoid of the
terminal amine) has several ionogenic groups at its N-terminus: a
secondary NH group of (J-aminoalanine within the structure of the
pyrimidoblaminic acid (pKa = 2.7 - 2.9), an N(l) atom of the
imidazole ring of |3-hydroxyhistidine (pAa = 4.7 - 4.9) and a
primary NH2 group of |3-aminoalanine (pAr

a = 7.3-7.7).27'82-83

The structure of the N-terminal fragment of Blm is given
below (the ionogenic groups within the pH range of 2 - 8 are
marked with asterisks).

This indicates that the positive charge of the bleomycin
molecule at pH 7.5 is mainly localised at the C-terminal amine
which provides for electrostatic interactions with the negatively
charged DNA backbone.

H2N

Evidence for this assumption can be derived from the following
data.

1. Bleomycinic acid bearing a negative charge at its C-end only
weakly cleaves DNA.57'63'84

2. The extent of fluorescence quenching upon binding to DNA
increases in the following order: bleomycinic acid (negatively
charged C-end), bleomycin Bi (neutral C-end), bleomycin A2
(positively charged C-end).54'57

3. Demethylbleomycin A2 and deglycobleomycin Ai with
neutral C-terminal fragments cleave DNA much more weakly
than does bleomycin A2.

69'70-81-84 No changes in the NMR
spectrum of demethylbleomycin A2 were found upon its inter-
action with DNA.6970

4. The copper complex of demethylbleomycin A2 (1 x 10 ~4

mol dm~3) does not cause any unfolding of the supercoiled
plasmid DNA, whereas the copper complex of bleomycin A2
provides its effective unfolding.85

At the same time, there is evidence that the positive charge at
the N-end of the bleomycin molecule influences the binding of
bleomycin to DNA. Acetylation of the primary amino group of
P-aminoalanine gives acetylbleomycin A2, whose N-end is neutral
at pH 6.8. Virtually no changes in the NMR spectrum of this
derivative occur in its interaction with poly(dA) • poly(dT).69 The
appearance of a positive charge at the N-end of the bleomycin A2
molecule at pH<7 (6.8 and 4.5) results in a higher upfield shift of
bithiazole proton signals; however, this does not affect the shift of
proton signals in the N-terminal fragment of the bleomycin
molecule upon its interaction with DNA.71 Chelation of the metal
ion, e.g., Cu(II) or Fe(III), which also provokes the appearance of a
positive charge in the N-terminal fragment of the antibiotic
molecule,83 only weakly reflects on the value of the binding
constant.49'5657 However, the appearance of an extra charge at the
C-end of the bleomycin A5 molecule increases the degree of
fluorescence quenching and affinity of the antibiotic for DNA.54-57

The results presented above testify to the fact that electrostatic
interactions are a necessary prerequisite for bleomycin binding to
DNA. A crucial role in providing strong binding to DNA is played
by the positive charge at the C-terminal amine.

c. Interaction of the N-terminal fragment of the bleomycin molecule
with DNA
In late 1970s, a definite concept was formed concerning the
relationship between the structure of the bleomycin molecule and
its biological activity, namely, that the C-terminal fragment of the
antibiotic binds to DNA, while its N-end chelates the metal (iron)
ion which interacts with molecular oxygen, eventually resulting in
DNA decay.38"40 According to this concept, the interaction
between the metal-binding domain and DNA was thought to
be very weak. However, the 'H NMR spectra of the bleomycin N-
terminal fragment and the Zn(II)-bleomycin complex reveal small,
though persistent changes upon their interaction with
poly(dA) • poly(dT).40 These changes are even more pronounced
in the case of the CO - Fe(II)Blm-A2 complex binding to DNA. In
parallel with the broadening and upfield shift of signals for the
protons of the bithiazole residue and the terminal amine, the
signals for the aromatic protons of (?-hydroxyhistidine also tend to
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broaden considerably with a small shift towards the higher field.
The fact that the signals for the pyrimidine methyl protons also
shift upfield (by 0.08 ppm)86 is also suggestive of interactions
between the N-terminal fragment of the bleomycin molecule and
the DNA backbone.

'H NMR data on the binding of bleomycin to short
oligonucleotide duplexes provide support for the interaction of
the metal-binding domain with the double helix.5273"75 The most
interesting results were obtained in the study in which the binding
of bleomycin A5 to the 8-meric duplex d(CGCTAGGCG)2 was
analysed75 using the NOE technique. The authors succeeded in
establishing intermolecular interactions between the protons of the
ot-CH2-group of P-hydroxyhistidine and H(4') of the deoxyribose
C(7) residue. The formation of a hydrogen bond between the NH2
group of P-aminoalanine and the oxygen atom of the
ribose - phosphate backbone in the oligonucleotide chain was
also postulated in this study.

EPR data provide additional support in favour of the metal-
binding domain interaction with DNA. Thus, the interaction of the
NO - Fe(II)Blm complex with calf thymus DNA was accompanied
by marked spectral shifts indicating changes in the Fe(ll)
microenvironment.45-87-88 Evidence for direct interaction of the
metal-binding domain with DNA can be derived from changes in
the EPR spectrum of 'activated bleomycin' [HOO - Fe(III)Blm]
upon its binding to the double helix.89 The binding to DNA
converts the Fe(III)Blm complex from the high spin (g = 4.3) to the
low spin state (g = 2.45, 2.18, 1.89). In this case, native double-
stranded DNA stabilises the low spin state with a greater efficiency
than the denatured one.89

Characteristic changes in EPR spectra are produced upon
addition of DNA to the O2 - Co(II)Blm-A2 complex which mimics
the active O2-Fe(II)Blm-A2 complex.9091 This may be due to the
alteration of the oxygen molecule orientation relative to the plane
containing the cobalt ion. Recent studies92 on this complex
revealed significant restrictions in the orientation of the O —O
bond, which is almost perpendicular to the main axis of the DNA
helix.

H2NCO V,H

NH2 /
N^

H2N
Disaccharide

Axis of the DNA double helix

Z

Figure 1. The structure of the site of the bleomycin molecule that chelates
the copper ion (a)93-94 and the hypothetical position of the plane containing
a metal ion relative to the axis of the DNA helix (b).96-97

Conclusive evidence in favour of tight contacts of the metal-
binding domain and DNA is the displacement of ligand L from the
coordination sphere of the L - Fe(HI)Blm complex (where L is the
ligand of the NJ, S2O|" or SCN~ type).51

The influence of the positive charge of the bleomycin N-
terminal fragment on its binding to DNA can also be regarded as
evidence of interaction of the metal-binding domain with DNA. In
this context, mention should be made of the study85 in which
chelation of the Cu(II) ion by bleomycin A2 produced qualitative
changes in the binding of the antibiotic to supercoiled plasmid
DNA. Whereas metal-free bleomycin A2 is practically incapable of
unfolding such DNA under conditions excluding DNA cleavage, its
copper-containing counterpart effectively eliminates the coils in
the DNA superhelix. It should be noted also that Cu(II) and Fe(III)
complexes of bleomycin bind to DNA at different rates which also
points to the involvement of the bleomycin N-terminal fragment in
the binding to the polymer.48

The application of the EPR method to oriented DNA fibres
provides valuable information on the position of the metal-binding
domain relative to the axis of the DNA double helix. As is known,
the nitrogen atoms in the N-terminal moiety of the bleomycin
molecule which chelate copper or iron ions, viz., the nitrogen atom
of the secondary amino group of P-aminoalanine, the N(l) atom of
pyrimidine, the N(l) atom of imidazole, and the nitrogen atom of P-
hydroxyhistidine forming a peptide bond,39-9394 lie in one plane
with the metal ion (Fig. 1). For the bleomycin molecule bound to
DNA, the angle f between the normal (perpendicular) to this
plane and the axis of the DNA helix has been found to be 15° for
the Cu(II)Blm complex, with rotational freedom of the normal
around one of the axes lying in the plane of base pairs of ±80°.95

However, recent studies using the same model gave different
results, namely, the angle between the normal and the axis of the
DNA helix is 25C with deviations in the range of ±30c.96 This is
consistent with the earlier data for the Fe(III)Blm complex bound
to oriented DNA fibres (the V value for this model is 15 - 30° with
variations of ±26°).97

Thus, the great body of experimental evidence testifies to tight
contacts of the bleomycin N-terminal fragment with DNA. These
contacts are manifested also in the influence of the metal-binding
domain on the specificity of DNA cleavage (see below).

3. Models of bleomycin binding to DNA
The data obtained by physicochemical methods suggest that the
interaction of bleomycin with DNA involves both the metal-
binding domain and the C-terminal fragment of the antibiotic
molecule. It is the latter, which contains the bithiazole residue and
the terminal amine and is especially tightly bound to DNA, that is
responsible for the binding to the polymer. We have already noted
that electrostatic interactions between the positively charged
terminal amine and the negatively charged sugar - phosphate
backbone contribute to the binding of bleomycin to DNA.
However, there exist other interactions that can also play a role
in the binding of bithiazole rings to DNA. The three hypotheses
postulating the nature of this binding are as follows: the
intercalation model, the partial intercalation model and binding
in the minor groove of DNA.

Both heterocyclic rings of the bleomycin bithiazole fragment
lie in the same plane 98 and can theoretically intercalate between
the base pairs of DNA. First experimental evidence for inter-
calation binding of bleomycin was obtained in 1979.47 It was found
that bleomycin A2 and its C-terminal fragment, tripeptide S, cause
the unfolding of covalently closed circular double-stranded DNA
and increase the length of short rod-like DNA molecules as
determined by their orientation time in an electric field. Moreover,
they favour parallel arrangement of the bithiazole rings and base
pairs as evidenced by linear dichroism data.47 Changes of this kind
usually occur in intercalation binding.99 Metal complexes of
bleomycin reveal a similar capacity upon their binding to DNA.
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It has already been mentioned that the copper-containing
complex of bleomycin A2 can produce the relaxation of supercoiled
DNA.85 According to Povirk et al.,48 the length of short-chain
DNA (150 base pairs) increases by 0.46 nm upon binding to the
Cu(ll)Blm molecule. For the Fe(III)Blm complex, this value is
equal to 0.32 nm, and for Blm, 0.31 nm;47 such elongation is
characteristic of typical intercalators.99' 10° At the same time, the
copper-containing complex of the bleomycin analogue phleomy-
cin, whose thiazole ring is partially reduced,101 does not produce
any elongation of DNA upon binding.48 It follows, therefore, that
DNA elongation can only be achieved in the case of a planar
chromophore.

In 1981, Lin and Grollman102 proposed, on the basis of NMR
data, a model for complete intercalation binding of the bleomycin
C-terminal fragment to dinucleotides. In this study, the greatest
changes in the chemical shift (0.4 ppm) were observed for aromatic
protons of the bithiazole residue upon binding to pdG-dC.
According to this model, the bithiazole residue is 'stacked' to
base pairs in such a way that its aromatic protons appear to be
oriented towards the minor groove of DNA. Theoretical
calculations confirmed the indisputable energetic superiority of
the proposed intercalation model for binding of the terminal
positively charged amine in the minor groove of DNA.103

In a recent work by Wu et al.,74 two-dimensional NMR was
used to study the interaction of the cobalt-containing bleomycin A2
complex with the 10-meric DNA-duplex d(CCAGGCCTGG)2. It
was found that the bithiazole residue intercalate between GC pairs
corresponding to positions C(6) and C(7). In this case, the upfield
shifts of the signals for bithiazole protons were 0.9 and 0.61 ppm for
H(5) and H(5'), respectively.

However, the model of complete intercalation binding does not
agree with numerous experimental data. Thus, the angle of
unfolding of supercoiled DNA upon its binding to the bleomycin
molecule is 12°,47 whereas for the majority of intercalators it
constitutes 17 - 260.100 Bleomycin interaction with sonicated DNA
did not increase significantly the solution viscosity and,
correspondingly, the length of the DNA chain,38 which is in
conflict with the results reported by Povirk et al.47 Moreover,
viscosimetric data for the binding of the bleomycin C-terminal
fragment to calf thymus DNA suggest that the length of the DNA
molecules decreases slightly.104 Laser scattering data point to the
length reduction of short rod-like DNAs upon their interaction
with the antibiotic.105

Incorporation of spin labels into bleomycin molecules is a
convenient tool for determining the parameters of their binding to
D N A 106,107 T h e E P R spectrum of such a label (2,2,6,6-tetramethyl-
l-piperidine-A^-oxide) incorporated at position 4 or 2' of bithiazole,
practically did not change upon its interaction with DNA which is
hardly likely in the case of complete intercalation binding.104

R2

H3CCH3

R'=CH3, R2= —NH—^ NO" ;

HCfcH

H3C.

R ' = / NO" , R2 = OCH3

complete intercalation model. Although the most pronounced
changes are observed for the signals of bithiazole ring protons
(their maximum upfield shift is 0.1-0.2 ppm),38.40.67.69-7i f o r

typical intercalators this varies from 0.4 to 1.0 ppm.108'109 It should
be noted also that the shift strongly depends on temperature,
ranging from 0.02 to 0.05 ppm at 20 °C up to 0.1 - 0.2 ppm at
temperatures just below the melting temperature for poly(dA) •
poly(dT) (50-60 0Q«7,69,7i a n d t^us c a n n o t be explained within

the framework of the complete intercalation model.
There are a number of publications dedicated to the analysis of

interactions of bleomycin and its metal complexes with oligonu-
cleotide duplexes using the NMR method.52'72"75 Most of the data
obtained are also contrary to the complete intercalation model.
Hiroaki et al.52 studied the binding of bleomycin to the duplex
d(CCCCAGCTGGGG)2 possessing a single site for the antibiotic-
induced cleavage (underlined). The signals from non-exchangeable
protons of the bithiazole residue and the bleomycin terminal amine
displayed a characteristic shift towards higher field (0.15 to
0.2 ppm), however, without any changes in the chemical shifts
of signals for imino protons and phosphorus nuclei of the
oligonucleotide in the vicinity to the binding site. On the other
hand, it is known that intercalating molecules produce significant
changes in the chemical shifts of signals for these nuclei.110-1"
A somewhat greater upfield shift of the signals for bithiazole
protons (0.2 - 0.4 ppm) was observed upon the interaction of the
antibiotic with the duplex d(CGCGCG)2.72'73 In this case the
temperature dependence of the chemical shifts characteristic for
poly(dA) • poly(dT) was not observed, apparently, due to the
stronger binding of bleomycin to GC sequences. The use of the
NOE technique makes it possible to establish the intercalation type
of binding.112 The presence of cross-peaks along the whole length
of the 8-meric duplex d(CGCTAGCG)2 chain upon its interaction
with bleomycin A5 is suggestive of the non-intercalating type of
antibiotic binding.75

In order to rationalise the experimental data in favour of
intercalation and against it, an attempt was made to interpret them
in terms of the hypothesis of partial intercalation of bithiazole
rings proposed as early as in 1976.113 According to this hypothesis,
one of the bithiazole rings is inserted between the DNA bases,
thereby producing a local bending in the helix. Its effect on the
length and, correspondingly, hydrodynamic properties of DNA
may be very different114 as evidenced by viscosimetric38'104 and
laser scattering data.105 This model provides an explanation for
relatively small changes in the chemical shift of bithiazole proton
signals as well as for temperature dependence of the chemical shift
magnitude. A rise in temperature up to values just below the
melting temperature for DNA chains causes local denaturation of
the helix, thereby facilitating the incorporation of the bithiazole
residue between the base pairs and enhancing the upfield shift of
the signals for the protons.71 A decrease in ionic strength, which
causes destabili-sation of the double helix, would also favour
partial intercalation of the bithiazole residue and, as a conse-
quence, more intensive fluorescence quenching and changes in the
chemical shift.54'71

Evidence for the improbability of complete intercalation of
bithiazole rings into the DNA double helix can be derived from
experiments with analogues of the C-terminal fragment of
bleomycin A2.

NH

Changes in the lH NMR spectrum of bleomycin upon its
binding to poly(dA) • poly(dT) are also incompatible with the

R = CH3CONHCH2CH2, H, CH3, H2N,
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According to 'H NMR data, the removal of the aliphatic
substituent from position 2' of the 2,4'-bithiazole derivative
enhances the ability of bithiazole rings to intercalate and increases
the binding constants for poly(dA) • poly(dT).58-69 At the same time,
the substitution of the aliphatic chain at position 2' by an aromatic
ring (thiazole or benzene) strongly changes the characteristics of
bithiazole analogue binding to DNA, thus permitting their
intercalation. Changes in the chemical shifts (by 0.5 - 0.8 ppm)
produced by such analogues upon their binding to DNA are far
more pronounced than those for bleomycin.58-69115116 In contrast to
bleomycin, its analogues increase the viscosity of DNA solutions 116

and cause effective unfolding and folding (positive supercoiling) of
covalently bound circular DNA.77 Moreover, they display a far
greater affinity for DNA and are more potent competitive
inhibitors of DNA cleavage.77 Thus, despite its inability to
undergo complete intercalation binding to DNA, the bithiazole
residue can partly incorporate between the base pairs, the most
accessible loci for such binding being the sites of local injuries to
the double-helical structure (transition regions between denatured
and native states of the DNA helix, bends and breaks on the helix,
protrusions formed by an extra base, etc.).

Yet another model for bleomycin binding to DNA also provides
a satisfactory explanation for the available experimental data.
According to this model, the terminal amine and bithiazole rings
of bleomycin bind in the minor groove of DNA. This model, which
was first proposed in 1986,117 is based on the structural similarity of
the bleomycin C-terminal fragment and netropsin and the
fluorescent dye Hoechst 33258, both of which bind in the minor
groove of DNA. In favour of this model are experiments in which
changes in site-specificity and efficiency of DNA cleavage by
bleomycin were studied in the presence of ligands tightly bound to
DNA. Thus, distamycin A, which binds to the sites enriched with
AT sequences in the minor groove of DNA, can inhibit DNA
cleavage at sequences GT and GA by increasing the cleavage
selectivity at GC sequences.1'8"120 By contrast, actinomycin D
binding to GC sequences and blocking the minor groove of DNA
by its peptide rings around the binding sites (by 5 - 6 base pairs)121

produces an opposite effect: cleavage at GT and GA sequences
increases, while that at sequences GC decreases. Covalent
attachment of aflatoxin B to the N(7) atom of guanine or of
mitomycin C to the O(6) atom of guanine in the major groove of
DNA has practically no influence on the specificity or efficiency of
DNA cleavage by bleomycin.122 The presence of bulky glycosyloxy-
methyl residues in the major groove of DNA of the wild-type
phage T4 also has insignificant effect on the specificity and
efficiency of cleavage.123 In addition, bleomycin displays a similar
affinity for both glycosylated and nonglycosylated DNA of phage
T4.124 A crucial role in the antibiotic affinity for DNA is played by
the nucleotide composition of DNA, particularly by the presence
of guanine and the 5'-guanine-pyrimidine-3' sequence. Thus, G-
and GC-enriched DNA sequences quench bithiazole ring
fluorescence far more effectively,5457 whereas poly- and oligo-
nucleotides carrying sequences GC and GT appear to be the most
effective inhibitors of the SV40 DNA cleavage by the anti-
biotic.63-64 The value of the constant for bleomycin binding to
poly(dG) • poly(dQ exceeds those for binding to poly(dl) • poly(dQ
and poly(dA) • poly(dT) (3- and 5-fold, respectively).124 It should be
noted that the minor groove of the double helix of
poly(dG) • poly(dC) contains a 2-amino group of guanine which
is absent in inosine or adenine.The crucial role of this amino group
in strong binding of bleomycin was confirmed by experiments with
anthramycin-modified DNA. This antibiotic, being localised in the
minor groove, can form a covalent bond with the 2-amino group of
guanine without any appreciable effect on the B-form of DNA.125

Treatment of DNA with anthramycin results in strong inhibition of
DNA cleavage by bleomycin at sequences GC and GT.124 On the
basis of these data, Kuwahara and Suguira 124 proposed a model
for bleomycin binding to the 6-meric duplex d(ATGCCA)-
• d(TGGCAT) possessing a site for effective cleavage (underlined).
The terminal amine and the bithiazole residue are arranged along

the DNA minor groove in the direction from the 5'- to the 3'-end
relative to the chain to be cleaved. The binding occurs owing to
electrostatic interactions and hydrogen bond formation between
the 2-amino group of guanine and the nitrogen of the thiazole ring
and/or oxygen of the carboxamide group. The bleomycin binding
site comprises two to three base pairs which is in keeping with the
data on DNA protection from cleavage by DNAse I.126

Two-dimensional NMR data also testify to the possibility of
bleomycin binding in the minor groove of the double helix. Of
particular interest in this respect are the results 75 which in many
features provide support for the earlier hypothesis.126 In this study,
the NOE technique was used to establish the interactions between
the protons of the zinc-containing bleomycin A5 complex and the
protons of the 8-meric duplex d(CGCTAGCG)2 localised in the
minor groove of the double helix. On the basis of the data obtained
by molecular dynamics methods, a hypothetical spatial model of
the complex was calculated. According to the calculations, the
bleomycin As molecule is localised in the minor groove,
overlapping 4 - 5 base pairs. The complex is stabilised by
hydrogen bonds between the amino groups of the C-terminal
fragment of spermidine and the oxygen atoms of the phosphate
group and the deoxyribose cycle, between the nitrogen atom of the
thiazole ring and the 2-amino group of guanine as well as between
the primary amino group of (J-aminoalanine and the oxygen atom
of the sugar-phosphate backbone. The authors of this model state,
however, that this structural model is not unique: a considerable
upfield shift of the signals for bithiazole protons by 0.18 ppm [H(5)]
and 0.52 ppm [H(5')] and for the imino protons of GC- and AT-
pairs corresponding to positions G(2) and T(4) suggests partial
intercalation of the bithiazole rings.75

Thus, there is no experimental evidence thus far allowing an
unequivocal identification of the binding mode (complete or
partial intercalation or binding in the minor groove) characteristic
of bleomycin. It is quite probable that these binding modes are
characteristic of different structures in the DNA double helix.
Nevertheless, it is certain that the C-terminal fragment of the
bleomycin molecule provides the binding of the antibiotic to DNA
by 'anchoring' the rest of the molecule which interacts with the
polymer upon oxidative cleavage of the sugar - phosphate back-
bone. Whatever the mode of C-terminal fragment binding, the
mechanism of DNA oxidation (see below) implies the closest
approximation of the bleomycin metal-binding domain to the
minor groove of the DNA double helix.

III. Cleavage of nucleic acids by bleomycin
1. The mechanism of DNA cleavage
Degradation of DNA by treatment with bleomycin eventually
resulting in the cleavage of the sugar - phosphate backbone was
discovered as early as 1969;3O~33 however, the mechanism of action
underlying this process has long remained obscure. The first
theoretical speculations on the putative mechanism of DNA
cleavage were made in 1973, and bleomycin was considered to be a
hydrolytic enzyme.113127 Shortly thereafter, cofactors essential for
the antibiotic activity were identified. In 1975, it was found that
molecular oxygen favours the DNA degradation by bleomycin.128

In the same period it was shown that Fe(II) and Fe(III) ions
stimulate the DNA cleavage by bleomycin in the presence of 2-
mercaptoethanol;129-130 these two cofactors favouring DNA
degradation were distinguished as being the most essential
ones.35 37 According to nuclear absorption data,130 the previously
observed degradation of DNA upon treatment with bleomycin was
due to the constant presence of trace amounts of iron ions in the
reaction mixture. The discovery that iron atoms and molecular
oxygen are essential for DNA degradation was immediately
followed by a hypothesis suggesting a free radical mechanism
for this process.37-5613°-132 Indeed, the Fe(H)Blm complex can
generate OH radicals133134 that can interact with DNA. The
enzyme superoxide dismutase converting the O2~ ion into O2
and H2O2 inhibits DNA cleavage under the action of
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bleomycin.37-135-136 A correlation exists between the biological
activity of bleomycin analogues and the amount of 'OH radicals
generated by them.132 However, it turned out soon afterwards that
fer/-butylphenylnitrone and dimethylsulfoxide, which act as
'traps' for 'OH radicals, do not inhibit the cleavage of DNA.
Moreover, the efficiency of OH radical production by the
Fe(II)Blm complex is 40 times lower than in the Fe(II)-H2O2
system.137 Another group of investigators136 succeeded in demon-
strating that inhibition of DNA cleavage by superoxide dismutase
is not related to the reduced amount of O\~ ions but is rather due to
the association of the enzyme with DNA.

An alternative explanation for the bleomycin action mecha-
nism is the formation of the so-called 'activated bleomycin' which
causes direct oxidative degradation of DNA.89-138-139 Electron
spectroscopy and EPR data as well as the use of the Mossbauer
effect made it possible to propose the following scheme for DNA
cleavage by bleomycin with participation of the iron ion and
molecular oxygen (Scheme I).89

O2

— » - Fe(II)Blm

'Activated bleomycin'

DNA

Scheme 1

-O2—Fe(III)Blm

Oxidised
DNA

H2O2

Fe(III)Blm Fe(III) + Blm

The Fe(II)Blm complex formed in the first stage rapidly
interacts with molecular oxygen. In this complex the bivalent iron
atom undergoes oxidation, giving rise to the ~O2-Fe(III)Blm
complex. The formation of 'activated bleomycin' requires an extra

electron which is provided either by the reducing agent present in
the solution or by an additional Fe(II)Blm molecule undergoing
disproportionation.139

Or - Fe(III)Blm + Fe(II)Blm —*- O2." - Fe(III)Blm + Fe(m)Blm

'Activated bleomycin' can oxidise organic substrates and DNA
to form a Fe(III)Blm complex which can be reactivated by peroxy
compounds.89''38-'42

According to recent mass-spectrometry data, the structure of
'activated bleomycin' corresponds to the peroxy complex of the
ferric ion, HOO - Fe(III)Blm.143 This scheme, which depicts the
bleomycin activity in the presence of iron ions and molecular
oxygen, was confirmed experimentally and developed further.

Intensive studies of the mechanism of action of bleomycin led by
late 1980s to the establishment of all the main stages of bleomycin
activation and pathways of oxidative degradation of DNA. These
were documented in detail in reviews and publications.41-66144145

Therefore, in this review we give only a brief description of the main
pathways of DNA oxidation by bleomycin.

Activated bleomycin induces oxidation at position 4' of a
carbon atom of the deoxyribose ring 146-148 which is accompanied
by the splitting of the H(4') atom and the formation of a 4'-radical
(Scheme 2). The oxidation is the limiting step in the chain of
subsequent conversions as unequivocally follows from the isotope
effect produced by substitution of the hydrogen atom for deuterium
or tritium (the rate of the end product formation is 2 - 7 and 7-12
times less, respectively).148"150

Further conversions of the 4'-radical proceed in two different
ways (a and b in Scheme I).66 Under aerobic conditions (pathway
a), an addition of molecular oxygen may occur, resulting in the
formation of a 4'-peroxy radical.146 The subsequent scission of the
C(3') - C(4') bond results in the elimination of the base-substituted
propenal and cleavage of the sugar - phosphate backbone of DNA,
5'-phosphate and 3'-phosphoglycollate being formed at the site of
the chain scission.146-151-152
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Pathway b is associated with hydroxylation at position 4','47

apparently as a result of oxidation of the 4'-radical to a carbocation
and subsequent attachment of water.153 Under physiological
conditions, the hydroxylation results in the elimination of the
free base without any scission of the DNA chain.119'147-153 ~157 Under
alkaline conditions P-elimination occurs, which results in the
cleavage of the sugar - phosphate backbone and the formation of
5'-phosphate at the cleavage site. The oxidised deoxyribose residue
is further converted into 2,4-dihydroxycyclopentenone which
remains covalently bound to the 3'-phosphate group. If alkaline
treatment is carried out in the presence of hydrazine, 3'-pyridazine
is formed; treatment with alkylamines yields 3'-phosphate.156

Under normal conditions (e.g., at atmospheric pressure of O2)
DNA oxidation by bleomycin results in the formation of
approximately equal amounts of free bases and their propenal
derivatives,158 i.e., both pathways of the 4'-radical conversion are
possible. Under anaerobic conditions only free bases are
formed.148158 Under O2 pressure of 3 atm, the ratio of base-
propenal derivatives to free bases is 7;148 at 4 atm this is equal to
10.159

The high selectivity of bleomycin action with respect to
oxidation of deoxyribose is worth noting. As it has been
mentioned above, bleomycin can only slowly generate OH
radicals.137 Chromatomass-spectrometry data160 demonstrate
that treatment of DNA with the Fe(II)Blm complex in the
presence of molecular oxygen and a reducing agent is practically
unaccompanied by the formation of side products of DNA
oxidation (as distinct from the products of the 4'-radical
conversion). In particular, the major side product,
8-hydroxyguanine, constitutes only 2%-3% of the total amount
of the bases and their propenal derivatives formed in the
process.160-161

2. Specificity and efficiency of DNA cleavage by bleomycin
a. Effect of the primary sequence
Elaboration by Maxam and Gilbert in 1977162 of a convenient
method for identifying the sequences of long-chain DNAs gave a
strong impetus to a series of investigations of the sequence
specificity of DNA cleavage by bleomycin and related compounds.
It turned out that bleomycin displays marked specificity towards
dinucleotide sequences carrying guanine at the 5'-end;163164 in this
case deoxyribose of the second nucleotide undergoes oxidative
degradation. The most preferred sequences for the cleavage are GT
and GC; sequences GA, AT and GG are less susceptible to
degradation. This finding correlates with the amount of liberated
free bases: T > C > A > G.37-164-165 Soon it was noted, however, that
identical dinucleotide sequences are cleaved to a different degree. It
was hypothesised that the specificity of DNA cleavage by
bleomycin is determined by DNA sequences larger than
dinucleotides.166167 Mirabelli et al.168 found that pyrimidine
present at the 5'-end of the GC sequence enhances the
cleavage.168 Statistical analysis of the sequence specificity of the
bleomycin-induced cleavage confirmed that the base preceding the
purine - pyrimidine sequence has a certain influence on the extent
of cleavage.169 Thymine enhances, whereas adenine diminishes, the
cleavage in the sequences GT, GC, AT, and AC.

b. Effect of the double helix structure on bleomycin-induced
cleavage
Despite the conclusions of Mirabelli et al.168 (which further
received experimental support) one cannot explain the difference
in the DNA cleavage at different sites by the effect of the primary
sequence alone. Lloyd et al.170 demonstrated that bleomycin
induces single- and double-strand scissions at a limited number
of sites in bacteriophage PM2 DNA. Some of these sites, if present
in DNA in a supercoiled form, were cleaved to a greater
extent.171172 The specificity of cleavage of the linear pBR 322
DNA differed from that of the supercoiled DNA, the extent of
cleavage being greater for the latter.173 It is known that the
supercoiled DNA of plasmid Col El is cleaved 1.5 times more

effectively than the relaxed form.47 It was noted also that SV40
DNA contained regions which, by virtue of their secondary
structure, were preferentially cleaved by bleomycin.174 Interestingly,
the intracellular DNA is cleaved by the antibiotic at the same
preferential cleavage sites as the purified DNA.

The influence of structure on the cleavage efficiency manifests
itself in the interaction of bleomycin with the modified DNA. Thus,
covalent attachment of mitomycin C 122 or cu-diaminodichloro-
platinum(II)175 in the major groove of DNA enhances the
bleomycin-induced cleavage. cw-Diaminochloroplatinum(ll) also
influences the specificity of cleavage,175176 apparently due to
alterations in the structure of the DNA double helix resulting
from intrastrand cross-links. Of special interest are recent findings
testifying to the enhancement of the bleomycin effect:120

distamycin A strongly (about 100-fold) enhances the bleomycin-
induced cleavage of DNA at certain GC-rich sequences. Other
compounds bound in the minor groove, such as Hoechst 33258,
berenyl, 4',6-diamidino-2-phenylindol, only slightly increase the
efficiency of DNA cleavage by the antibiotic. Presumably, the
significant enhancement of DNA cleavage is associated with
structural changes in the double helix upon binding of distamycin
A.120

The presence of a protruding base has a strong effect on the
specificity of the bleomycin-induced cleavage by directing its action
to nucleotides located in close proximity to the given base.177 It is
quite probable that this effect is due to the ability of bithiazole rings
to intercalate into sites with a distorted secondary structure.71

Convincing evidence for the sensitivity of the antibiotic to even
minor changes in the target DNA structure was obtained in the
studies by Murray et al.178 when the cleavage of two virtually
identical sequences in the human genome was compared.
Substitution of 11 bases in a 340-meric double-stranded fragment
produced significant changes in the mode of cleavage. Statistical
analysis revealed that some of these changes may be attributed to
the direct effect of the substituting base, whereas the changes in the
cleavage at other sites located at a distance of 2 -12 nucleotides
from the substitution site result from structural changes in the
substituted DNA.

The effect of the double helix structure on the bleomycin-
induced cleavage of DNA is also manifested in DNA methylation.
Enzymatic methylation of cytosine residues at position 5
diminishes the extent of cleavage in the vicinity of such sites.
The protective effect is observed even at a distance of 14
nucleotides from the methylation site for DNA duplexes having
the lengths from 100 to 400 base pairs.179 This may be associated
with local changes in the DNA structure, since it is known that
methylation of cytidine facilitates the B - Z transition, the major
conformational change in DNA.180 Further studies with
poly(dG) • poly(dC) and poly(dG) • poly(dCMe) revealed that the
B - Z transition induced by increasing the salt concentration
strongly inhibited the cleavage of these polynucleotides by
bleomycin. This finding indicates that the Z-form of DNA is
conformationally unprofitable for the manifestation of the
antibiotic activity. Additional evidence can be derived from
circular dichroism data. In the presence of bleomycin, the B - Z
transition needs a far greater ionic strength for its realisation which
indicates that bleomycin predominantly binds to and stabilises the
B-form of DNA.123

Methylation of cytidine has a different inhibiting action on
DNA cleavage by various bleomycins. Demethylbleomycin A2 and
bleomycin B2 are less sensitive to the presence of 5-methylcytidine
than bleomycin A2 and bleomycin BAPP. At the same time,
methylation of adenosine at the N(6) atom diminishes the DNA
cleavage by the above-mentioned bleomycins.123 In another study, a
self-complementary dodecanucleotide methylated at one of its
cytidine residues was used as a target. Long et al.181 showed that the
efficiency of oxidation of methylated and nonmethylated
oligonucleotides appeared to be the same, but the ratio of
liberated free bases and their propenal derivatives was differ-
ent. In case of the methylated dodecanucleotide, the amount of
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liberated free bases was 1.5 times as great as that with the
nonmethylated one; hence, the 4'-radical tended to be more
susceptible to hydroxylation than to the interaction with molecular
oxygen.

The effect of the polynucleotide secondary structure on the
efficiency and specificity of the bleomycin-induced cleavage is
especially pronounced in the case of cleavage of RNA.

3. Cleavage of RNA by bleomycin
Early studies dating back to the mid 1970s repeatedly demon-
strated that RNA was resistant to the action of bleomycin.34'182'183

In RNA-DNA hybrids, the cleavage affected only the DNA
chain.159184185 Cleavage of DNA by bleomycin was not inhibited
even by a great excess of RNA.62"65186

This generally accepted viewpoint was dispelled in 1989 when
it was demonstrated that approximately three molecules of
Fe(III)Blm bind to one molecule of yeast phenylalanine tRNA
with an equilibrium binding constant of 0.86 x 105 dm3 mol~ '.The
cleavage occurred at three separate sites with low efficiency
[5%-10% for 0.3mmoldm-3 Fe(II)Blm and 3 mmol dm" 3

tRNA as calculated per nucleotide] and resulted in the formation
of free adenine and uracyl.61 This pioneering study was followed by
a number of publications65187"195 dealing with various aspects of
bleomycin interaction with RNA, particularly with a comparison
of RNA and DNA cleavage patterns. In both cases the cleavage
occurs due to oxidation of the sugar-phosphate backbone191 with
iron ions and molecular oxygen (or peroxy compounds) as
necessary cofactors.191-194 The presence of reducing agents, such
as ascorbate or 2-mercaptoethanol favours the RNA cleavage. A
chromatographic analysis of oligonucleotide degradation products
and data on electrophoretic mobility in polyacrylamide gel of
degradation products of long-chain RNA testify to the formation,
at the cleavage site, of 3'-phosphoglycollate and 5'-phosphate.191194

However, in contrast with DNA, the cleavage of RNA results in the
liberation of free bases alone.61-65191194 In all probability, the
detachment of the H(4') atom of ribose triggers a chain of events
resulting in the cleavage of the RNA chain.190192194

The specificity and efficiency of RNA cleavage by bleomycin
differ essentially from those for DNA. Firstly, RNA cleavage is
more selective at a lesser number of sites. Secondly, the efficiency of
the bleomycin-induced cleavage varies considerably for different
RNA molecules. Some RNAs are cleaved even by micromolar
concentrations of bleomycin, whereas other RNAs are resistant to
even very high (0.3 mmol dm~3) concentrations of the anti-
biotic.61'194

Bleomycin splits both single- and double-stranded fragments in
RNA. However, the cleavage is especially efficient in those parts of
the RNA molecule where the single-stranded structure transforms
into the double-stranded one and vice versa. Interestingly, the
sequence specificity typical of DNA cleavage is not observed in this
case. The available data suggest that the bleomycin molecule
predominantly cleaves GU sites in RNA;65188-190191193194

however, by no means all these sites undergo cleavage, while
the intensity of cleavage for each GU site may vary considerably. It
may thus be concluded that the specificity of RNA cleavage by
bleomycin depends not so much on the primary sequence but is
rather determined by peculiarities of the secondary or tertiary
structure of the polymer molecule. The resistance of some RNA
molecules to the effect of bleomycin and the lability of other
molecules indicate a crucial role of certain spatial structures in the
realization of effective cleavage.

The sensitivity of bleomycin to the structure of the substrate to
be cleaved is likely to be manifested in its interaction with RNA. As
has been mentioned, bleomycin preferentially cleaves the B-form of
DNA. It is known also that the A-form of the double helix exists in
RNA. The difference in sizes between the major and minor grooves
and the conformation of the carbohydrate residue may be the
reason for 'non-recognition' and, as a consequence, of 'non-
cleavage' of RNA. Nevertheless, at definite sites, e.g., at the sites of
the helix transition from the double-stranded to the single-stranded

structure and vice versa, structures may be formed that represent
suitable targets for the cleavage by bleomycin. These structures may
resemble the B-form of DNA. An important role in this process is
played by the size of the minor groove and the position of the 4'
hydrogen atom in it. It may also be assumed that such sites favour
stronger binding of the antibiotic, presumably due to the possibility
of intercalation of the bithiazole residue.71'177 The low incidence of
such sites accounts for the low number of RNA cleavage sites,
which results in higher selectivity in RNA cleavage, than for
DNA.194

A spectacular proof of the significance of the spatial structure
in effective cleavage of the double helix is given in the study by
Holmes and Hecht.193 These authors showed that DNA, which
represented a copy of histidine tRNA of Bacillus subtilis, had one
major cleavage site that coincided with the single cleavage site for
this tRNA.

4. The role of domains in determining the specificity of
bleomycin action in DNA cleavage
Immediately after the discovery of sequence-specific DNA
cleavage by bleomycin, a question arose as to the nature of this
specificity. By then, it had already been established that the C-
terminal fragment of the antibiotic molecule is responsible for the
binding to DNA.38-39-47 The fact that various bleomycins cleave
DNA in a similar way196i 197 suggests that the terminal amine does
not contribute at all to the specificity of bleomycin action. For this
reason, the preferential cleavage of certain DNA sequences was
attributed to the specificity of bithiazole residue binding,
particularly during intercalation.164 However, an increasing
body of experimental evidence argues against this hypothesis.

Thus, phleomycin (B) having one reduced bond in the
bithiazole residue101 and, correspondingly, incapable of inter-
calation, displays the same site specificity.48-167-197 Bleomycin with a
phototransformed bithiazole residue (the 4,4' bond between the
thiazole rings instead of the 2,4' bond) (A) has a site specificity that
is practically identical with that of natural bleomycin.198199

On the other hand, according to the most recent data, a certain
role in sequence specificity of DNA cleavage is played by the
metal-binding domain. Thus, cleavage of the self-complementary
dodecanucleotide CGCTTTAAAGCG by bleomycin occurs at
GC sequences (underlined), the C(3) residue being cleaved to the
greatest extent.119 Removal of the disaccharide residue
(deglycobleomycin, D) or the carbamoyl group of D-mannose
(decarbamoylbleomycin, C) from the bleomycin molecule does not
influence the sequence specificity of cleavage of this oligonucleo-
tide. However, the predominant site for such cleavage is residue
C(ll).200'201 According to the data reported by Oppenheimer et
al.,202 the carbamoyl group of D-mannose may become involved in
the chelation of the iron ion in the metal-binding domain of
bleomycin. Its removal may affect the coordination sphere of the
metal as follows from NMR data.203 Hence, the change of the site
of preferential cleavage of the dodecanucleotide seems to be due to
the alterations in the metal-binding domains of deglyco- and
decarbamoylbleomycin.

Experimental proof for the dependence of the geometry of the
metal-binding domain on the sequence specificity of DNA cleavage
has been presented.204 The degradation of three restriction
fragments of DNA under the action of various bleomycin
derivatives has been studied. Bleomycin B2, deglycobleomycin
A2 (D), and isobleomycin A2 (E) having a carbamoyl group at
position 2 of D-mannose 2O5 (in the case of natural bleomycin this
group is at position 3) displayed a sequence specificity identical
with that of bleomycin A2. At the same time, in the case of
epibleomycin A2, which differs from bleomycin A2 in the
configuration at the chiral carbon atom of the substituent at
position 2 of the pyrimidine ring (marked with an asterisk) and,
consequently, in the orientation of the propionamide residue
relative to the metal-binding domain,206 the mode of DNA
cleavage changed significantly. Epibleomycin A2 effectively
cleaved guanosine at sequence TG, this cleavage mode being
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non-typical of natural bleomycin. The percentage of cleaved CTand
GG sequences was also higher in this case; sequences AT, TT, TC,
and GC were cleaved to a lesser extent. Decarbamoylbleomycin A2
(C) did not cleave sequences A A, AC, or CTat all, though they are
weakly cleaved by bleomycin A2. With bleomycinic acid, not only
the cleavage of DNA was by 35% weaker than with bleomycin A2
but the sequence specificity of the cleavage also changed. The main
cleavable sequences were GTand GA (but not GTand GQ; for CT,
the percentage of cleavage was also relatively high.204

The nature of the chelated metal (Cu, Co, Mn) has also certain
influence on the specificity of the antibiotic action.59-207-209 In the
presence of dithiothreitol, the Cu(II)Blm complex can effectively

cleave DNA, the site specificity for such cleavage being different
from that for Fe(II)Blm. The difference in the specificity of DNA
cleavage by the Fe(II)- and Cu(II)-complexes of bleomycin was
especially apparent when the 127-meric double-stranded fragment
of SV40 DNA was used.207 Unfortunately, no data on the efficiency
of cleavage of specific dinucleotide sequences were given. It is
interesting to note that the cleavage of DNA by the Cu(II)-
deglycobleomycin complex is more effective than by the
Cu(II) - decarba-moylbleomycin complex, whereas for Fe(II)-
dependent cleavage an inverse dependence is observed.200

Noteworthy, the isobleomycin A2-Fe(II) complex effectively
cleaves DNA,204 whereas the isobleomycin A2-Cu(II) complex
is fully inactive.207

Upon irradiation with UV-light, the specificity of DNA
cleavage by bleomycin complexes containing trivalent cobalt
differs from that by Fe-containing bleomycin complexes.59-208 A
statistical analysis of sequence specificity of Co(III) - bleomycin
complexes is also absent in these studies. What is evident from
these experiments, is that sequences GT and GA are preferably
cleaved, while sequence GC is cleaved less effectively.

Valuable information on the nature of sequence specificity of
the bleomycin action can be derived from the studies of bleomycins
with a significantly modified structure. One such work 21° describes
the synthesis of deglycodemethylbleomycin A2 analogues (see
below) carrying glycine residues (Gly)n (where n = 0 - 2 and 4)
instead of threonine, and gives an analysis of their cleaving
capacity. It turned out that the sequence specificity of such
analogues differs only slightly from that of the natural antibiotic.
However, the efficiency of cleavage was much lower than with the
natural deglycodemethylbleomycin A2. Thus, the analogue with
n - 0 hardly cleaved DNA, whereas the level of DNA degradation
by the analogues with n = 1 and 2 possessing the maximum
efficiency was comparable with that characteristic of the natural
antibiotic at 10-20-fold higher concentrations.188-210

It was thus concluded that the metal-binding domain plays a
decisive role in the sequence specificity of DNA cleavage. However,
this definite conclusion is appropriate only in case of a mechanistic
approach to the consideration of the bleomycin molecule as was the
case in the late 1970s: the C-terminal fragment specifically binds to
DNA and the change in the length of the spacer between this
fragment and the cleaving (metal-binding) domain would alter the
specificity of cleavage. If this does not take place, the situation is
reversed, namely, the metal-binding domain determines the
specificity of cleavage, and the C-terminal fragment defines the
affinity for DNA.

As noted above, bleomycin is highly sensitive to the structure of
the substrate to be cleaved. High selectivity of oxidation of C(4') of
deoxyribose evidences the fine adjustment of the bleomycin
molecule to the double helix conformation. It may thus be
assumed that any alteration in the spacer leads to an unprofitable
(with regard to cleavage) positioning of the metal-binding domain,
resulting in self-degradation (but not oxidation) of DNA.
Alternatively, instead of additional stabilisation of binding due
to electrostatic interactions, the unfavourable localisation of the
metal-binding domain may decrease the affinity of the modified
antibiotic for the polymer which can also be the reason for the low
cleavage efficiency. And, finally, in all previous speculations the
threonine residue was regarded only as a constitutive component
of the spacer, which does not take part in binding or determining
the sequence specificity of the cleavage. However, one must not
rule out the possibility that the free OH group can form intra- or
intermolecular hydrogen bonds and thus contribute to the
sequence specificity of the bleomycin action.

It is known that the bleomycin analogue tallysomycin 211 having
additional OH groups in the aliphatic chain at position 2' of the
bithiazole residue and the aminosugar tallose attached to one of
those OH groups induce the formation of single-strand scissions
less effectively than bleomycin and differ from the latter in
sequence specificity.173-212-213 Thus, the cleavage of supercoiled
DNA of bacteriophage PM2 by tallysomycin proceeds 5-10 times
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less effectively than that by bleomycin.53214 Furthermore,
tallysomycin cleaves GA sequences far more effectively,166167197

GTand GA sequences being preferential for this antibiotic.168 This
finding points to the role of the bleomycin C-terminal fragment in
determining the specificity and efficiency of DNA cleavage.

Convincing evidence of the ability of the bleomycin C-terminal
fragment to determine sequence specificity has been given in the
studies carried out by Japanese investigators.215-216 These authors
performed the chemical synthesis of a bleomycin metal-binding
domain analogue, in which the 4-aminopyrimidine ring was
substituted by methoxypyridine, the disaccharide residue was
substituted by a ten-butyl group, and the carbamoylmethyl residue
in the 2-substituent of pyrimidine was missing. In the presence of
iron ions, this compound activated molecular oxygen and oxidised
low molecular weight organic substrates with an efficiency
comparable with that of the natural antibiotic.215-216 Attachment
to this compound of the C-terminal fragment of bleomycin A2
[Blm-PYLM(6)] was accompanied by the appearance of the DNA-
cleaving activity217-218 despite significant changes in the metal-
binding domain. These studies received further development,
culminating in the synthesis of a molecule comprising the
metal-binding domain, 4-aminopentanoic acid as a spacer and
a distamycin A residue instead of the C-terminal tripeptide S.219

This synthetic molecule effectively cleaved DNA (relative to
natural bleomycin), the maximum degree of cleavage being
observed in the regions enriched with AT sequences, to which
distamycin A binds especially strongly.220 No specificity to GTand

GC sequences was observed, which is characteristic of bleomycin-
induced cleavage.

Studies by Hamamichi et al.221 provided valuable information
as to whether the C- or the N-terminal fragment of the antibiotic
molecule determines the sequence specificity of bleomycin action.
To this end, the authors synthesised and assayed DNA-cleaving
agents (analogues of natural deglycodemethylbleomycin A2)
containing, instead of one of the thiazole rings (A or B), its
biosynthetic precursor, S-methyl-L-cysteine).222

NH2

NH2

N ^ N CH3

- V Y ° «HOrV°NH"^XH3° HCT^CH,
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Deglycodemethylbleomycin A2
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It turned out that such analogues cleave supercoiled covalently
closed and linear double-stranded DNA less effectively than
natural deglycobleomycin A2. No discernible sequence specificity
was observed in the cleavage of 5'- or 3'-labelled linear double-
stranded DNA. Thus, the synthetic analogues cleave DNA
statistically in contrast with sequence-specific cleavage by the
natural antibiotic. This study is a sound argument in favour of the
determining role of the bithiazole residue in sequence specificity of
the bleomycin action, the bi- (but not mono-) thiazole fragment
being the crucial factor.222

Another recent study of the role of bleomycin N- and
C-terminal fragments in the recognition of definite DNA
sequences223 concerned the synthesis of molecules containing
both DNA-binding and DNA-cleaving groups. As the DNA-
binding group the C-terminal fragment of bleomycin A2, or
demethylbleomycin A2 carrying a bithiazole residue and a terminal
amine, was used. The DNA-cleaving group, EDTA
(ethylenediaminetetraacetic acid), was attached to the bithiazole
residue by an amide bond. If the bithiazole fragment in the
bleomycin molecule is the critical factor determining the direction
of the antibiotic action, such molecules will cleave DNA in the
vicinity of guanine - pyrimidine sequences. However, no appreci-
able sequence specificity of DNA cleavage characteristic of
bleomycin was noted in these model compounds.223 One serious
pitfall of this study is that its authors did not provide any
experimental proof for the binding of their synthetic model
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compounds to DNA. This is an important circumstance if one
takes into consideration that synthetic compounds cleave DNA far
less effectively (approximately 10-fold) than natural bleomycin. The
efficiency of DNA cleavage by EDTA-containing compounds is
comparable with that for EDTA. It can thus be assumed that at the
concentration of the analogues of 100 umol dm~3 that had been
used to demonstrate the sequence specificity of the antibiotic
action, the degradation of DNA is predominantly effected by
diffusing ' OH radicals generated by the reagent molecules not
bound to DNA. In this case, the conclusion made by the authors in
favour of the determining role of the bleomycin N-terminal
fragment in sequence specificity appears to lack sufficient
experimental justification.

Yet another detail worth noting is important for the correct
understanding of the nature of sequence specificity. According to
Otsuka et al.,219 cleavage by a bleomycin analogue containing
distamycin A occurred at sites enriched with AT sequences, i.e., at
sites responsible for the binding of distamycin A. This provides
evidence of the spatial proximity of the metal-binding domain to
the DNA-binding fragment in the bleomycin molecule. Molecular
models for this compound suggest the existence of a bend in the
residue linking distamycin A and a metal-binding site providing for
such cleavage. Presumably, a similar situation takes place in the
binding and cleavage of DNA by natural bleomycin; in this case,
site-specific recognition of DNA may be effected by both C- and
N-terminal fragments of the antibiotic molecule.

However, the data available do not provide any unambiguous
conclusion on the nature of the sequence-specific effect of
bleomycin. Many of these data and, particularly, the model of
binding in the minor groove of DNA, point to the important role
of the bleomycin C-terminal fragment in the specific recognition of
DNA. Nevertheless, one should not rule out that the C-terminal
fragment alone cannot induce either the sequence-specific binding
or cleavage of DNA. There are strong grounds for believing that the
metal-binding domain plays an important role in preferential
recognition of the dinucleotide sequence to be cleaved. It is not
excluded that an important role in this process is played by the
matching of the sizes of the metal-binding domain and the minor
groove. Apparently, the residues of threonine and 4-amino-3-oxy-
2-methylpentanoic acid providing correct spatial orientation of N-
and C-terminal fragments, also contribute to the specificity of the
bleomycin action. It follows from these data that adequate
interpretation of the nature of such site specificity is possible if
one takes into consideration all the three structural elements, such
as affinity for the cleavage site provided predominantly by the
C-terminal fragment, microvariations in DNA structure deter-
mining the size of the minor groove and the optimal position of the
deoxyribose C(4') —H bond for oxidation by the iron hydro-
peroxide complex as well as the possibility of fixing the orientation
of the metal-binding domain needed for the attack through the
connecting group and/or due to the interaction of the bleomycin
N-terminal fragment with the double helix of DNA. To this can be
added the necessity of penetration of the oxygen molecule to the
chelated iron ion provided by the disaccharide which may form a
hydrophobic pocket and the important role of the reducing agent in
generating 'activated bleomycin'. The elucidation of these factors
will indoubtedly shed more light on the nature of site specificity of
bleomycin.

5. Correlation between the affinity and efficiency of cleavage
Cleavage of DNA by bleomycin is preceded by the binding of the
antibiotic to the polymer. This raises the following questions: Do
cleavage and binding sites coincide? How many base pairs does
bleomycin cover upon binding? Is the cleavage efficiency
determined exclusively by the bleomycin affinity for the given
site or are other factors also involved? Some recent results provide
answers to these questions. In particular, studies126-224-226

describe DNA cleavage by different endonucleases in the absence
and in the presence of bleomycin and phleomycin complexes with
Co(lll). The mode of DNA cleavage by DNAase I and micrococcal

nuclease changed considerably in the presence of bleomycin,
showing a distinct protective effect at definite regions on the
radiograms. These regions comprised, as a rule, a site for the
cleavage by the Fe(II)Blm complex. In this case, one bleomycin
molecule 'covered' from 3 to 5 adjacent base pairs from the
endonuclease action126> 225 which agreed well the earlier observa-
tions.124 Nightingale and Fox126 even made an attempt to validate,
on the basis of nuclease hydrolysis inhibition data, the orientation
of arrangement of the bleomycin molecule at the binding-cleavage
site 5'-...ACGT...-3', stipulating that one antibiotic molecule
'covers' three base pairs. The authors assumed that bleomycin
encompasses sequence 5'-CGT-3', i.e., its molecule is positioned at
the 5'-end of the chain relative to the base to be cleaved. Another
interesting finding of this study is that the sites with alternating
(AT),, sequences, where n = 3, are cleaved by bleomycin with almost
the same efficiency as GT sequences. At the same time, the
Co(III)Blm complex does not protect these sites from the DNAase
I action. In other words, these sites are characterized by efficient
cleavage at a relatively weak binding. At the (AT),, sites, the
cleavage affected only the AT (but not TA) sequences.
(AAT),, • (ATT)n, (TTA)n • (TAA)n, An-T« and some individual
AT sites did not practically undergo cleavage. It was assumed that
the observed phenomenon is due to an unusual alternating
conformation of the B-form in sequences (AT),,, where the turn
of the helix at 5'-TA-3' is greater than at 5'-AT-3'.227 It is probable
also that changes in the normal B-form of DNA are due to the low
ionic strength of the buffer solution used for the cleavage.126-225-226

Thus, there exists a certain dependence between the strong
binding of bleomycin to DNA and the efficient cleavage of the
latter. An important factor is the presence of guanine in the
nucleotide sequence. The efficiency of cleavage depends, to a large
extent, on the local structure of the double helix which must be in
conformation B (but not Z or A). Obviously, the cleavage is more
efficient in alternating purine - pyrimidine sequences as can be
evidenced from preferential cleavage of guanine - pyrimidine
(relative to guanine - purine) and thymine - purine - pyrimidine
(relative to adenine - purine - pyrimidine) sequences, and efficient
cleavage of (AT),,. Summing up, one may conclude that the
efficiency of cleavage depends not only on the strength of binding
but also on DNA structure. Therefore, the cleavage of DNA by
bleomycin can be used as a sensitive method for determining
microvariations in the double helix structure.

IV. Bleomycin derivatives of oligonucleotides.
Synthesis and site-specific cleavage of DNA
As noted above (see Section I), owing to its relatively low toxicity,
bleomycin has found wide use in treating squamous tumours both
separately or in combination with other chemotherapeutic drugs.
Nevertheless, the application of this antibiotic is restricted due to
its damaging action on certain tissues, in which the content of a
bleomycin-inactivating enzyme is low. One of the most common
side effects produced by this antibiotic is pulmonary fibro-
s j s 13,15,228 Among other ways to enhance the specificity of
therapeutic actions of this drug is to increase its selectivity
towards specific nucleic acids. The inherent specificity of natural
bleomycin towards dinucleotide sequences prevents it from
distinguishing various nucleic acid molecules or different sites
of the same macromolecule. The enhancement of specificity of the
bleomycin action can be achieved through its attachment to the
oligonucleotide exemplified in Scheme 3. In this scheme, the sites
of hypothetical cleavage of the DNA chain are marked by arrows.
This approach, which was first suggested in the 1960s 229- 23° and is
widely used now231"235 permits spatial approximation of
bleomycin and the preselected nucleic acid region and thus
ensures its directed chemical modification. Such an approach is
now widely used in routine studies.231 ~235

A broad spectrum of reactive oligonucleotide derivatives have
been created by now that carry alkylating or photoreactive groups,
platinum complexes capable of coordinating target heterocycles,



370 D S Sergeev, V F Zarytova

Scheme 3

Single-stranded or
double-stranded DNA

5' 3'
3' 5'

Blm
(Free bleomycin)

,-LLU-U

,-U-J-U
3' 5'

It II

(Bleomycin attached to
an oligonucleotide)

Watson-Crick
complex (duplex) or

5'Blm——3'

Hoogsteen complex
(triplex)

and groups catalysing oxidative degradation of target nucleic
acids.231'235 The latter can chelate transient metals; their inter-
action with molecular oxygen can catalytically generate active
oxygen-containing species which degrade DNA. There exist
natural compounds (among those is the antitumour antibiotic
bleomycin) which cause destruction of DNA in the same way.
From the data presented in Sections I - III, one may conclude that
oligonucleotides carrying the residue of this antibiotic should be
effective site-specific reagents able to 'switch-off' the function of
definite genes. However, taking into account the complex nature of
bleomycin, which has several nucleophilic centres, special efforts
will be necessary in order to obtain its oligonucleotide derivatives.

1. Synthesis and properties of bleomycin derivatives of
mono- and oligonucleotides
When constructing bleomycin derivatives of oligonucleotides
suitable for site-specific degradation of target DNA, it is
necessary to preserve both the ability of the antibiotic to cleave
the DNA of an oligonucleotide fragment to form complementary
complexes.

To meet these requirements, the antibiotic was attached to an
oligonucleotide at the 5'- or 3'-terminal phosphate group
preactivated with triphenylphosphine-2,2'-dipyridyl disulfide in
the presence of 4-iV,Ar-dimethylaminopyridine-l-oxide (DMAPO)
(Scheme 4). It is known that the phosphate group in the thus
obtained zwitterion derivative readily reacts with aliphatic amino
groups.236 Bleomycin A5 contains several such groups. The amino
groups in the metal-binding domain essential for the DNA-
cleaving activity of the antibiotic were protected by chelation with
the copper ion, thus directing the attachment to the amino groups
of the spermidine residue at the C-terminal fragment of the
bleomycin molecule. The successful use of the copper-containing
bleomycin complex for selective acylation of the C-terminal amine
was documented in earlier studies.237 In order to avoid the
attachment of two oligonucleotide molecules to one antibiotic
molecule, the latter was taken in a 10-fold excess.

Analysis of electronic absorption spectra revealed the presence
in the synthetic compounds of both the oligonucleotide fragment
and the bleomycin residue, the contribution of each component to
the total spectrum being commensurate with the binding of one
antibiotic molecule to one oligonucleotide molecule.238'239

The structure of bleomycin - oligonucleotide derivatives was
finally established in 13C NMR studies.240 It was found that the
linkage of the terminal phosphate group of the oligonucleotide
involves the spermidine primary amino group in bleomycin A5 (see
Scheme 4).

As has been mentioned above (see Table 1), bleomycin can form
relatively stable complexes (Kb= 105 dm3 mol"1) with double-
stranded DNA. Moreover, being bound to DNA, this antibiotic
stabilises the structure of the double helix. Thus, the melting
temperature for calf thymus DNA in the presence of bleomycin
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rises by 4 °C.104 Attachment of bleomycin to an oligonucleotide
should stabilise the complementary complex formed thereby.
Indeed, the melting temperature for a complex of tetradecanucleo-
tide pd(TGTTTGGCGAAGGA) with the bleomycin derivative of
the complementary heptanucleotide, Blm-As - pd(CCAAACA), is
33 °C which is 11 °C higher than that for the analogous complex
formed by the original heptanucleotide.238-239 This is an important
point in the realisation of the targeted complementary action, since
the efficiency of this action on DNA depends, in a large measure,
on the stability of the complementary complex formed by target
DNA and the reagent.241

The next step in this direction was to investigate the DNA-
cleaving activity of bleomycin derivatives of oligonucleotides.

2. Site-specific cleavage of a single-stranded fragment of
DNA by bleomycin derivatives of oligonucleotides
In a study by Sergeev et al.,242 a 302-meric DNA fragment
representing a copy of the RNA fragment of the tick-borne
encephalitis virus was used to examine the site specificity of
oligonucleotide derivatives of bleomycin. Two oligonucleotide
reagents carrying a bleomycin As residue at their 5'-ends were
complementary to sequence 261-274 which is predominantly
located in the single-stranded hairpin (the Blm-As residue attached
to 5'-phosphate is marked by an asterisk) (Scheme 5).243244
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Cleavage of the 302-meric DNA target was studied using
polyacrylamide gel electrophoresis. This approach allows one to
separate the degradation products from the original DNA target
and to determine (with an accuracy of one base) the site where the
target has been cleaved. The latter is achieved by comparing
electrophoretic mobilities of degradation products of the target by
the reagent with electrophoretic mobilities of the products of
statistical degradation of the target at one or two types of bases
using the procedure described by Maxam and Gilbert in 1979.162

The results of electrophoretic analysis suggest that under
conditions of complementary complex formation, both oligonu-
cleotide reagents induce scissions at the GTsequences of the target
closest to the antibiotic residue, i.e., at T(272) and T(277) (Fig. 2).
The cleavage proceeds with high efficiency and selectivity. By
illustration, when the shorter, 12-meric reagent is used at a
concentration of 1 x 10 ~5 mol dm~3, direct breaks (without an
additional alkaline treatment, Scheme 2, pathway a) occur at
sequences T(272) and T(277) in 70% of the DNA target.

Figure 2. The results of analysis of degradation products of a 302-meric
3'-32P-labelled DNA target by 12- and 14-meric oligonucleotide reagents.
Lanes 1 and 5, is statistical cleavage of the DNA target at purine residues;I62

lanes 2-4 , is the 12-meric reagent (1 xlO~7, 1 xlO~6 and
1 xlO~5 mol dm~3, respectively); lanes 6-8, is cleavage by a 14-meric
reagent (5 x 10~6 mol dm ~3) for 1,3 and 6 h, respectively; lane 9, is the DNA
target incubated in the absence of the reagents; lanes 10 -12, is cleavage by a
12-meric reagent (5 x 10 ~ 6 mol dm ~~3) for 1,3 and 6 h, respectively.

This cleavage is determined by site-specific binding of the
oligonucleotide fragment of the reagents to the complementary
sequence of the DNA fragment. This becomes obvious when
analysing the DNA cleavage by bleomycin and its oligonucleotide
derivative whose nucleotide sequence is devoid of the comple-
mentary binding site at the preselected fragment. It was shown that
(i) both reagents cleave the DNA target with lower efficiency than
do complementary reagents and at multiple positions and (ii)
T(272) and T(277) are not the preferential sites for the cleavage.242

Evidence for the necessity of complementary complex
formation for effective degradation of the DNA target is presented
in Scheme 6 (the main cleavage sites are marked by arrows).239 The
14-meric DNA target is effectively cleaved by the 7-meric
oligonucleotide reagent Blm-As - pd(CCAAACA) [Scheme
6 a (1)]. In the presence of a tetranucleotide complementary to
the target, this reagent loses its ability to form a complementary
complex with the target and does not practically cleave it
[Scheme 6 a (2)].

Complementary oligonucleotide reagents of various lengths
are characterised by different positional directionality of cleavage.
Thus, for a 6-meric reagent, the main cleavage sites are T(5) and
T(3) [Scheme 6 b (1)]; those for a 7-meric reagent are G(7), T(5),
and T(3) [Scheme 6 b (2)], while those for a 8-meric reagent are
C(8) andT(5) [Scheme 6 b (3)]. It is interesting to note that when 7-
and 8-meric reagents are used, the target is directly cleaved at the
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a Scheme 6

II I
5'pd(TGTTTGGCGAAGGA)3' (1)

3' d(ACAAACQp —Blm-A5 5'

5'pd(TGTTTGGCGAAGGA)3' (2)

3' d(ACAAACCGCTTCCT)p 5' + d(ACAAACQp — Blm-A5

I , h i .
Scheme 7

I I
5' pd(TGTTTGGCGAAGGA) 3'

3' d(ACAAAQp —Blm-A5 5'

I I I
5' pd(TGTTTGGCGAAGGA) 3'

3' d(ACAAACC)p —Blm-A5 5'

I I
5'pd(TGTTTGGCGAAGGA) 3'

3' d(ACAAACCG)p —Blm-A5 5'

(1)

(2)

(3)

nucleotide closest to bleomycin which is involved in the formation
of a complementary complex with the reagent (at residues G(7) and
C(8), respectively). In the case of a 6-meric reagent, the adjacent
nucleotide [residue G(6)] does not undergo cleavage, while residue
T(5) is cleaved. Nucleotide G(6) remains intact both when 7- and 8-
meric reagents are used (Scheme 6 b)P9 Apparently, under these
conditions, the specificity determined by the moiety of the
oligonucleotide reagents is superimposed on the specificity of
the antibiotic itself, for which the cleavage at sequence TG is not
typical (see Section III).

Thus, the alteration in the length of the oligonucleotide moiety
of the reagent changes the site-direction of the DNA cleavage,
indicating a site-specific mode of action of the covalently attached
bleomycin residue.

3. Degradation of a double-stranded DNA target by
bleomycin derivatives of oligonucleotides within the triplex
structure
One of the versions of the complementary targeted modification is
the use of reactive oligonucleotide derivatives capable of attacking
selected sites of a double-stranded DNA by forming a ternary
complex.235-247 Oligonucleotides containing alkylating246'247 or
photoreactive groups,248 as well as groups with a redox mechanism
of action,249-250 have been used. The bleomycin A5 residue, which
has demonstrated effective cleavage of a DNA target within a
duplex structure was assayed as the reactive group.251

The DNA target for the study of the oligonucleotide reagent
action within the ternary complex was selected in accordance with
the following demands. First, the target had to contain a region of
homopurine and homopyrimidine sequences necessary for the
ternary complex formation. Second, a stable ternary complex
should be formed at neutral pH values, since bleomycin effectively
cleaves DNA in the pH range of 7 - 9.3762.« If these conditions are
fulfilled, stable ternary T AT complexes are formed.252-253 Third,
the fragment involved in the formation of the complex with the
reagent must be flanked with sequences which could serve as
targets for the action of the bleomycin residue during the complex
formation. Since bleomycin predominantly cleaves DNA at
sequences GT, GC, AT, and GA at deoxyribose, the second
nucleotide (Section III), a 30-meric double-stranded target
(Scheme 7) was selected (the cleavage sites are marked by arrows
whose length is proportional to the cleavage intensity).

Under conditions of ternary complex formation, 5'- and 3'-
bleomycin derivatives of the 16-meric oligothymidylate induce the
cleavage of the target. Both reagents cleave DNA at both chains in
the vicinity of the antibiotic residue upon binding of the third chain

4 8 10

5' pd(GCGCACGAAAAAAAAAAAAAAAAGTCGAGG) 3'
5' Blm-As —pd(TTTTTTTTTTTTTTTT) 3'

3' d(CGCGTGCTTTTTTTTTTTTTTTTCAGCTCC)p5 '
30 28 26 23 13

Triplex I

,11
23 25 28

5' pd(GCGCACGAAAAAAAAAAAAAAAAGTCGAGG) 3'
5' d(TTTTTTTTTTTTTTTT)p—Blm-A 5 3'

3' d (CGCGTGCTTTTTTTTTTTTTTTTCAGCTCQp5 '
30 28 26 11 9 6

t t t M f '

Triplex II

25 28
5' pd(GCGCACGAAAAAAAAAAAAAAAAGTCGAGG) 3'
3' d(CGCGTGCTTTTTTTTTTTTTTTTCAGCTCC)p5 '

30 28 26

+ Blm-As — pd(CAGCGGGATGGCAACAC)

(reagent), which is parallel to purine-rich (triplex I) and antiparallel
to pyrimidine-rich (triplex II) sequences. This is in agreement with
the literature data 249-250 for the cleavage of double-stranded DNA
by EDTA- and 1,10-phenanthroline-containing oligonucleotide
reagents which form a ternary complex with DNA.

Cleavage of a pyrimidine-rich chain by a 3'-bleomycin
derivative of hexadecathymidylate occurs both in the vicinity of
the 5'-end of the oligo(T)-track due to the formation of a ternary
complex and around the 3'-end of the chain (Scheme 7). The latter
cleavage occurs at sites C(30), C(28) and T(26) of the GC and GT
sequences that are preferential for the binding and cleavage by the
bleomycin itself (Section III). At a 5-fold excess of the reagent
(relative to the target), this cleavage may be due to the ability of the
bleomycin residue to bind to a double-stranded DNA without the
formation of a triplex by the oligonucleotide moiety of the reagent.
To check this hypothesis, a DNA target was cleaved by a 5'-
bleomycin derivative of a 16-meric oligonucleotide, Blm-
As - pd(CAGCGGGATGCAACAC), which a priori is incapable
to form a ternary complex with the target. In this case, the purine-
rich chain is cleaved only insignificantly (by 6%), whereas the
pyrimidine-rich chain, as in the case of bleomycin derivatives of
hexadecathymidylate, is cleaved at the 3'-end at sites C(30), C(28),
and T(26) (16%). This suggests that the action of a 5-fold excess of
5'- and 3'-bleomycin derivatives of hexadecathymidylate on the
double-stranded DNA target can be both site-specific due to the
targeted attachment of the oligonucleotide in the ternary complex
formation and nonspecific when the bleomycin residue binds to
double-stranded DNA.

Comparing the total extent of cleavage of the double-stranded
DNA target by bleomycin-containing reagents (Table 2), one may
conclude that for both 5'- and 3'-bleomycin derivatives of
hexadecathymidylate, site-specific cleavage associated with the
ternary complex formation prevails over nonspecific ones.
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Table 2. Total extent of cleavage of a 30-meric double-stranded DNA target
by bleomycin derivatives ofoligonucleotides.

Reagent Total extent of cleavage (%)

Purine-rich Pyrimidine-
chain rich chain

Blm-A5-p(dT)i6 25 47
(dT)16p-Blm-A5 35 36
Blm-A5-pd(CAGCGGGATGCAACAQ a 6 16

a Does not form a ternary complex with the DNA target.

4. Catalytic degradation of a DNA target by an
oligonucleotide derivative of bleomycin
The advantage of applying groups with a redox-type mechanism of
action [Fe(III) - EDTA, metalloporphyrins or Cu(II) - 1,10-phenan-
throline] over alkylating or photoreactivate groups for the site-
specific DNA modification is their ability to produce catalytically
active oxygen-containing species and thus exert manyfold action
on the DNA target.254 ~256 The glycopeptide antibiotic bleomycin
is an illustrious representative of compounds with a redox
mechanism of action. Cyclic oxidation - reduction of the iron
ion chelated in the metal-binding domain of bleomycin by
molecular oxygen and some reducing agent results in multiple
production of 'activated bleomycin' and, as a consequence, in
catalytic oxidation of organic substrates.56257258 In the process of
oxygen reduction, bleomycin acts as an enzyme with the iron ion as
a cofactor.56259 Recent studies260 provide evidence that in the
presence of ascorbate one molecule of bleomycin can catalyse the
reduction of 4.7 molecules of oxygen. The main advantage of
bleomycin as a reactive group for the site-specific cleavage of DNA
is its ability to oxidise catalytically not only low molecular weight
substrates but also DNA.201261

It has already been noted that all the redox groups used for site-
specific modification of DNA can reduce molecular oxygen
catalytically. However, the capability of these groups to cause
multiple degradation of DNA within the structure of the
oligonucleotide reagent has not yet been realised. One of the
reasons for this is an accidental damage to nucleotide residues by
reactive oxygen-containing species generated by these reagents.
The analysis by chromatomass spectrometry revealed the presence
of a greater number of modified bases (compared to the number of
direct cleavages) after treatment of DNA with Fe(III) - EDTA and
Cu(II)-l,10-phenanthroline complexes.262263 Similarly, a great
deal of modified bases (primarily, guanine) are formed upon
treatment of DNA with metalloporphyrins.256

Modification of bases does not lead to direct cleavage of the
DNA chain. Moreover, many modified bases, particularly
8-hydroxyguanine and 8-hydroxyadenine, the major products
of "OH radical interaction with purine heterocycles, are stable
under alkaline conditions and even treatment with piperidine does
not result in the cleavage of the sugar-phosphate backbone at
these sites. Such hidden modifications mask the catalytic activity of
the above-mentioned reagents.

The mechanism of effective degradation of DNA by bleomycin
differs essentially from that by redox groups. Under physiological
conditions, bleomycin-induced selective oxidation of the C(4')
atom of deoxyribose leads with equal probability either to direct
cleavage of the DNA chain or to the formation of a base-labile site
(Section III). For this antibiotic, modification of nucleotides is only
a minor reaction.160161 Thus, the yield of the major side product of
the reaction, 8-hydroxyguanosine, constitutes 2%-5% of the
amount of oxidised deoxyribose.160 Thus, bleomycin oxidises
nucleotide residues with a far greater selectivity than its redox
analogues.

Bleomycin does not form covalent linkages with DNA
following oxidation of deoxyribose but it can bind to a new site
in DNA, and after reduction of the iron ion in the active centre it

can again oxidise the sugar - phosphate backbone. Analysis of
extended DNA revealed that one antibiotic molecule stimulates the
formation of several molecules of free heterocyclic bases or
propenal derivatives.261 The ability of one bleomycin molecule
to induce degradation of several DNA molecules has been
demonstrated for oligonucleotides used as targets.201

In order to examine the ability of the bleomycin residue within
the structure of the oligonucleotide conjugate to cleave DNA
catalytically, a model with an equimolar target: reagent ratio
(Scheme 8 a) and 10-fold excess of the target relative to the reagent
(Scheme 8 b) was used. The cleavage sites in the scheme are marked
by arrows.264

Scheme 8

1

I I I I I
3 4 5 7 9

5'pd(TGTTTGGCGAAGGA) 3'

3' d(ACAAACQpd(GCTTCCT)p 5'
I

1 Blm-A5 1

10

I
7

5'pd(TGTTTGGCGAAGGA) 3'

3' d(ACAAACQpd(GCTTCCT)p 5'
I

1 Blm-A5 10

It is known that bleomycin more effectively cleaves double-
stranded DNA than single-stranded DNA.167265"267 This circum-
stance considered, a model comprising a 14-meric DNA target, a
5'-bleomycin derivative of a heptanucleotide, and a heptanucleo-
tide complementary to the 3'-end of the target was chosen.

The catalytic activity of the bleomycin residue covalently
bound to the oligonucleotide, can be manifested (depending on the
experimental conditions) in a damage to several DNA target
molecules by one reagent molecule or in repeated attacks on the
same target by the complementary complex.

a. Repeated cleavage of a 14-meric DNA target by an
oligonucleotide derivative of bleomycin
Interaction of an oligonucleotide derivative of bleomycin with the
tetradecanucleotide at their equimolar ratio (Scheme 8 a) results in
a practically complete (80%) degradation of the target. This is
accompanied by the formation of a broad range of degradation
products and modification of sites T(3) - T(5) remote from the site
of covalent attachment of the antibiotic. At the same time, with a
10-fold excess of the target, the modification predominantly occurs
at G(7) (Scheme 8 b). This result can be interpreted in terms of
catalytic properties of the bleomycin residue, which under
conditions of an equimolar reagent: target ratio can be manifested
in repeated action on the DNA target. Analysis of the time
dependence of the tetradecanucleotide degradation at 20 °C
revealed that the target is primarily attacked at position G(7)
(Fig. 3). This is followed by accumulation of shorter fragments
formed upon the destruction of sites T(5), T(4) and T(3). The
amount of the degradation product at position G(7) does not
increase any longer but decreases with time. A similar situation is
observed when the cleavage occurs at position G(9). These findings
provide direct evidence in favour of repeated exposure of the DNA
target to the antibiotic action.
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Figure 3. Time dependence of the cleavage of the 14-meric DNA target by the oligonucleotide reagent (see Scheme 8 a) (electrophoretic and densitometric
data). Oligonucleotide concentration is 1 xlO~5 mol dm~3; N is the concentration of the product in the reaction mixture.

b. Degradation of several target molecules by one reagent molecule
In order to manifest the catalytic activity, the oligonucleotide
derivative of bleomycin has to attack one target molecule after
another. This will require an excess of the target and selection of
conditions enabling both ready dissociation of the complementary
reagent - target complex and, simultaneously, the stability needed
for efficient modification. Fig. 4 illustrates the cleavage of the DNA
target by the reagent at different temperatures and under
conditions when the reagent concentration is 10 times less than
that of the target and the heptanucleotide. The cleavage of the
target is a maximum in the temperature range of 25 - 35 °C which
includes the melting temperature for the reagent-target complex
(7m.p. = 33 °Q. Under these conditions, the reagent readily
dissociates from the complementary complex, thereby enabling
its transfer from one target molecule to another. At the same time,
about half of the reagent molecules remain within the com-
plementary complex. An increase in temperature sharply decreases
the degree of cleavage, apparently, due to the decrease in the
concentration of the complementary reagent - target complex.
Lowering of temperature also diminishes the degree of the target
cleavage, which can be attributed to nonoptimal conditions for the
manifestation by the reagent of its catalytic activity. It has been
established that at temperatures around 30 °C, about 20% of the
target undergoes direct cleavage, while subsequent treatment with
piperidine reveal an additional 10% of sites that are labile under
alkaline conditions.264

Degradation of about 30% of the tetradecanucleotide by the
oligonucleotide reagent and in the presence of a 10-fold excess of
the target testifies to the fact that one reagent molecule can attack,
on average, three target molecules. Restricted efficiency of the
reagent action in the presence of a sufficient amount of iron ions,

30

20

10

20 25 30 33 35 38 40 45

Figure 4. The total extent of cleavage (at) of 14-meric target DNA
(1 x 10 ~5 mol dm ~ 3) by the oligonucleotide reagent (1 x 10 ~ 6 mol dm ~ 3) in
the presence of heptanucleotide (1 xl0~5 mol dm~3) (see Scheme 8i) at
different temperatures, according to densitometric analytical data.
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reducing agents, and molecular oxygen may be attributed either to
the degradation of its oligonucleotide moiety or to the degradation
of the antibiotic itself. To elucidate possible reasons for the
restriction of the catalytic activity, synthesis of the
5'-32P-labelled reagent and cleavage of the nonlabelled target
DNA were carried out under conditions of 10-fold target excess
(Scheme 8 b). Electrophoretic analysis data indicate that catalytic
degradation of the target is accompanied by significant degrada-
tion of the oligonucleotide reagent.264 Removal of the bleomycin
residue from the reagent after termination of the reaction gave rise
to a nonmodified oligonucleotide. Hence, the restriction of the
reagent catalytic activity is associated with the destruction of
bleomycin itself.

Thus, chemical attachment of the antibiotic to the oligonucleo-
tide makes it possible to direct it to a preselected site of one of
nucleic acids and thus to increase markedly the selectivity of its
action on all these acids. The method described of covalent
attachment of bleomycin to the oligonucleotide238239 makes it
possible to preserve not only the ability of the antibiotic to cleave
DNA, but also its capacity for catalytic cleavage characteristic of
free bleomycin.
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Abstract. The published data on phase equilibria in the M - X - X'
and M - Al - X ternary systems (M is a Group III - VIII transition
metal, X, X' are B, C, N, Si) are surveyed. These systems provide a
basis for the directed search for oxygen-free ceramic materials for
various purposes. The phase diagrams for the ternary systems are
presented; more than two hundred ternary phases formed in these
systems are systematised and described for the first time. The
typical crystal structures of the ternary compounds and of the
phases are considered, the general and distinguishing features of
these structures are analysed. It is shown that ternary compounds
containing the XM6 octahedral groups possess homogeneity
regions. The bibliography includes 240 references.

I. Introduction
Ceramics are materials which have been in use for a very long time.
Products of fired clay, faience, and porcelain have been tradition-
ally referred to as ceramics. However, the range of ceramic
materials has now considerably widened, and the term 'ceramics'
is used in relation to polycrystalline materials based on com-
pounds of Group III-VI nonmetals with one another and/or with
metals, obtained by various methods such as sintering, pressing,
precipitation from the gas phase or from the liquid colloidal state,
etc. Borides, carbides, nitrides, oxides, and silicides are the initial
compounds for the preparation of ceramics.

The interest in ceramic materials has substantially grown in
the last few decades. In the developed countries, the amount of the
manufactured ceramic products is rapidly increasing, new tech-
nologies appear, and the ceramic products have found wide
application in industry, transport, energetics, electronics, and
medicine. The new ceramics have revolutionised materials
science. At present, ceramics are the third industrial material,
regarding the tonnage of use, after metals and polymers, and
it occupies a key position in the field of high technologies.
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An evaluation of the dynamics of the increase in the manufacture
of ceramics over the period between 1990 and 1995 and up to 2000
indicates that the output volume is doubling every five years
(Table 1). This is caused by the demand for the materials meant
for performing new functions (for example, in force lasers,
memory cells, superconducting devices, catalysts, electrodes, and
heat- or radiation-resistant devices). Actually, the new ceramics
often prove to be stronger than metals, though they are lighter;
they may be elastic enough to be suitable for the manufacture of
elastic units; ceramics withstand high temperatures and thermal
shocks; they are highly resistant to corrosion and to wear.

The perfection of the existing ceramic materials and the
development of new materials involves both the synthesis of
complex compounds and heterogeneous compositions and the
preparation of finely dispersed materials (with a particle size of
— 1 —10 nm) from these compounds and compositions, which
ensures the stability and the high level of performance.

The new ceramic materials and the relevant technologies are
extremely science-dependent. This accounts for the intense
fundamental research in the field of physical chemistry, physics
and chemistry of solids, and physical material technology. All the
studies on physical chemistry and material technology dealing
with the search for new solid-phase compounds and compositions
for ceramics are based on phase equilibria and phase diagrams
presented in many publications.

The aim of the present review is to generalise and systematise
the data on the phase equilibria in the oxygen-free M — X—X' and
M—Al—X ternary systems (where M is a Group III-VIII

Table 1. Production of new ceramics and ceramic composite materials (in
millions of US dollars) in developed countries over the period from 1990 to
1995 and a forecast for the production in 2000.

Field of application

Electronics
Aviation and astronautics
Motor-construction
Medicine and biology
Metal working,

cutting tools
Industrial heat and power engineering
Other fields of application
Overall

1990

3740
80
81
15
92

15
150

4173

1995

6565
200
310

34
246

50
320

7725

2000

11360
445
820
60

500

100
720

14005
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transition metal, X and X' are B, C, N, Si) and on the crystal
structure of the ternary compounds formed in these systems.
These ternary systems serve as the constituents of more complex
4- and 5-component systems and cover largely the systems that are
used or can be used for preparing new ceramic materials.

Before we discuss ternary systems, let us consider briefly some
characteristic features of the structures of the binary compounds
that are permanently involved in the phase equilibria in the
M—X —X' systems, namely, transition metal carbides, nitrides,
borides, and silicides, and of binary high-melting compounds of
nonmetals.

The cubic (with the Bl structure) and hexagonal (with the L'3
structure) carbides and nitrides of Group IV and V transition
metals MC,., M2CV, MN,., and M2Nr (0.4 < y < 1.0) belong to
the group of nonstoichiometric interstitial compounds1-2 and
possess (in contrast to other compounds considered here) metal-
lic electrical conductivity. The atomic radius of carbon is fairly
small and is equal to ~ 0.077 nm, therefore, in compounds with
transition metals carbon always acts as the interstitial element and
is located in the interstices of the metal sublattice. The interstitial
nonmetal atoms (carbon or nitrogen) in the cubic carbides and
nitrides MC,- and MN,. occupy the octahedral interstices of the
face-centred cubic (Fee) metal sublattice and can populate either
all of the interstices or only some of them. The octahedral
interstices free from these atoms are referred to as structural
vacancies. In hexagonal lower carbides and nitrides M2C,. and
M2N,., the interstitial atoms occupy half the octahedral interstices
of the hexagonal close-packed metal sublattice. The interstitial
atoms and the structural vacancies may be arranged in a crystal
lattice either statistically (irregularly) or regularly.

The nonstoichiometric carbides and nitrides with the 51 and
L'3 structures belong to the class of the so-called octahedral
structures, that is to the structures in which each six transition
metal atoms constitute the octahedral environment of an inter-
stitial atom X or of a vacancy. These structures are built of the
XM6 octahedra joined with one another in various ways. For
example, in the NaCl type structure (Bl) the octahedra are joined
through their edges (Fig. 1). Many of the ternary compounds
considered below also incorporate regular or distorted XM6
octahedra as the main structural motif.

Carbides and nitrides of Group VI-VIII transition metals
have virtually no homogeneity regions and can have various
crystal structures with a relatively high symmetry, namely,
orthorhombic, tetragonal, hexagonal, or cubic.

A detailed description of the structures and properties of
binary carbides and nitrides of transition metals with allowance
for the short-range and long-range effects of nonstoichiometry
has been published.1 ~6

Transition metal compounds with boron are built in a differ-
ent manner. The boron atoms are larger than the carbon or

Figure 1. Crystal structure of the NaCl (Bl) type of the cubic (space
group Fmim) monocarbides and mononitrides MX (X = C, N)
represented by XM6 octahedra.

nitrogen atoms; therefore, B —B bonds can arise in the crystal
lattice of borides. In the borides M2B, the boron atoms are
separated from one another, and the M - B interactions are the
most significant. With the increase in the boron content, changes
occur from the structure with the separated boron atoms in M2B
to the ... —B —B —... zigzag-like chains in MB and to hexagonal
chains in M3B4, and then to a two-dimensional hexagonal
network of boron atoms bound to one another in the diborides
MB2 and to cage structures built of boron atoms in the borides
MB4, MB6, and MBi2, which contain interpenetrating lattices of
the metal and boron atoms.7

The atom radius of silicon, an analogue of carbon, is much
larger, being equal to ~ 0.117 nm. In compounds with Group IV
and V transition metals, whose atoms are sufficiently large, silicon
still acts as an interstitial element; the silicides of other transition
metals occupy an intermediate position between interstitial com-
pounds and intermetallides. Thus, silicon can be incorporated in a
metallic lattice as an interstitial element or as a substituting
element. In lower silicides (for example, in M3Si), the silicon
atoms are separated from one another, and only M - S i bonds
exist. As the content of silicon atoms increases, isolated Si — Si
pairs are formed initially; the further increase in the silicon content
results in one-dimensional zigzag-shaped chains of the silicon
atoms (in compounds of the MsSi3 type), two-dimensional close-
packed networks (in MSi2), and, finally, three-dimensional spatial
frameworks of silicon atoms (for example, in lanthanide disili-
cides8). The crystal structures of borides and silicides are quite
diverse.

Aluminium forms numerous intermetallic compounds with
transition metals, many of which have homogeneity regions.

The great difference between the crystal structures of carbides
and nitrides, on the one hand, and borides, silicides, and
aluminides, on the other hand, result in their low mutual
solubility.

Boron, carbon, nitrogen, silicon, and aluminium form solid
solutions not only with metals, but also with one another, for
example, in the X—X' binary systems (B —C, B —N, Si —B,
Al -B , C - N , S i -C , A l - C , S i -N , and Al -N) . Let us discuss
briefly the characteristic features of the crystal chemistry of these
high-melting carbides, nitrides, and borides of nonmetals. The
structural characteristics of the high-melting compounds are listed
in Table 2.
The B—C system. The main phase in the B —C system is
boron carbide B4C (Bi2C3); the carbide Bi3C2 is also formed
(see Table 2).

The twelve boron atoms in Bi2C3 are located at the vertices of
an icosahedron. The B12 icosahedra constitute an Fcc-lattice, the
three carbon atoms being located as the C — C — C chain in the
large octahedral interstices. The terminal carbon atoms in this
chain are linked to four boron atoms from the two nearest
icosahedra (the B —C distance is 0.164 nm); and the central
carbon atom of the carbon chain is bound only to the other
carbon atoms of this chain, which are located at a distance of
0.139 nm from it.

The carbide B13C2 has a structure derived from that of B4C
(Bi2C3). This compound can be represented as (Bi2)BC2, i.e., it
may be regarded as Bi2C3 in which one of the C atoms has been
substituted by boron. The boron atom and the two carbon atoms
are located in the octahedral interstices of the B12 icosahedra as
C - B - C chains.

The similarity of the crystal lattices of the carbides B4C
(B12C3) and Bi3C2 led some authors to suppose that there exists
one phase with a broad homogeneity region. However, the
dependence of the properties of boron carbide on the carbon
content exhibits two extrema at the compositions B12C3 and
BnC2, which attests to the existence of two different phases.
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Table 2. Crystal-chemical characteristics of high-melting compounds of nonmetals.

Compound Symmetry and
type of structure

Space group Unit cell parameters / nm Ref.

B4C (B12C3)
B,3C2(B12BC2)
a-BN
P-BN

Y-BN

SiB4

SiB6

SiBu(SiBi2+.O
A1B2

a-AlBn
at-AlBn
Y-A1B.2
P-C3N4

a-SiC(2#)
a-SiC (4H)
a-SiC (6H)
a-SiC(15fl)
p-SiC(3C)

ALA
a-Si3N4

P-Si3N4

A1N

Hexagonal
it

M

Cubic, sphalerite
ZnS (S3) type

Hexagonal, wurtzite
ZnS (54) type

Hexagonal
Orthorhombic
Hexagonal
Hexagonal,

C32 type
Tetragonal
11

Orthorhombic
Hexagonal,

P-Si3N4 type
Hexagonal
11

it

Rhombohedral
Cubic, sphalerite

ZnS (53) type
Hexagonal, Dl\ type
Hexagonal,

phenacite Be2SiO4 type
11

Hexagonal,
wurtzite ZnS (BA) type

Kim
Kim
Pdijmmc
F4im

P63mc

Rim
Pnnm
Kim
P6/mmm

-
P4.2.2
^2,2,2,
P63/m

Pf>-$mc
Pdsmc
P6imc
Kim
F4im

Rim
Pile

P6}/m
P6ymc

9
9
4
g

4

9
40

7
1

14
4
4
2

2
4
6
5
4

3
4

2
4

0.561
0.5633
0.2504
0.3615

0.255

0.635
1.4392
1.113
0.3009

1.016
1.0158
1.6573
0.63

0.3073
0.3073
0.3073
0.3073
0.4349

0.3330
0.767

0.759
0.3113

1.8267

1.7510

1.214
1.2164
0.6661
-

0.423

1.269
0.9885
2.383
0.3262

1.428
1.4270
1.0144
0.246

0.5028
1.0053
1.5079
3.770
-

2.489
0.564

0.292
0.4982

9
10
11
12

13

7
14
15
16

1
18
19
20

21
21
21
21
21

22
23

23
24

A1N P6jmc 0.3111 0.4978 22

a From here on, Z is the number of formula units in the unit cell.

The B - N system. In the B - N system only one compound is
formed, namely, boron nitride BN, which exists in a, fi, and y
modifications.

The nitride a-BN has a hexagonal graphite-like structure. The
boron and nitrogen atoms in this ideal structure are regularly
distributed in hexagonal networks; the networks are arranged one
above the other in such a way that the boron and nitrogen atoms
alternate along the c axis of the crystal. The distance between the
layers in a-BN is larger than the interatomic distances in the
networks by a factor of 2.5. This causes substantial anisotropy of
the properties of a-BN. The a-BN modification can have various
degrees of ordering ranging from an amorphous structure to a
completely ordered structure. The resistance of a-BN to oxidation
increases with an increase in the degree of ordering.

The cubic modification P-BN has a sphalerite-type structure
(ZnS, 53), and y-BN has a wurtzite-type structure (ZnS, B4). The
structures of P- and y-BN are very similar, and they may be
regarded as polytypes. The cubic boron nitride P-BN is stable to
attrition and possesses an extremely high hardness close to that
of diamond. Only a- and P-BN are thermodynamically stable.13

The S i - B system. Three compounds, SiB4, SiB6, and SiBi2 + x

(SiBi4), are formed in this system (see Table 2).
The structure of the boride SiB4 is similar to that of B4C

(B12C3): Bn icosahedra form an Fcc-lattice, the silicon atoms
being located in its octahedral interstices; some of the silicon atoms
can substitute the boron atoms in the B12 groups. The boride SiB4

is stable at r*S 1640 K; at higher temperatures it decomposes
peritectically to give the orthorhombic boride SiB6 and silicon.

The compound SiB 12 + x (SiBi4), which also exists in the Si — B
system, is sometimes regarded as being a solid solution of silicon in
P-B (the groups of boron atoms in the p-B structure constitute a
rhombohedrally distorted cubic close packing, the interstices of

which may contain silicon and aluminium atoms, together with
the boron atoms25).
The Al—B system. In the Al —B system, the existence of borides
AIB2 and a- and Y-AIB12 has been established reliably.

The boride AIB2 has a hexagonal structure (space group
P6/mmm) of the C32 type. In this structure, the aluminium
atoms form trigonal prisms joined through all faces; the axes of
the prisms are parallel to the c direction. The boron atoms are
located at the centres of these prisms, therefore the structure of
AIB2 may be regarded as a filled structure of the WC type.

The borides a-AlBn and y-AlBn have tetragonal and mono-
clinic structures of their own types (see Table 2). The orthorhom-
bic boride P-AIB12, which has been repeatedly described in the
literature, is in fact the borocarbide AI3B48C2.25

The C—N system. Gaseous cyanogen C2N2 exists in this system
under equilibrium conditions. On heating to 870 K cyanogen
polymerises to give a dark-brown solid (amorphous) and insolu-
ble paracyanogen. When paracyanogen is heated to 1130 K in the
absence of air, it is again converted to cyanogen.

In the system under consideration, the existence of a solid
phase resembling a diamond-like solid solution of nitrogen in
carbon C(N) cannot be ruled out. Furthermore, in recent years,
information on crystalline carbon nitride has been reported. Liu
and Cohen 26< 27 who have used a model suggested previously 28 for
the calculation of the crystal and electronic structures of solid
phases, predicted the possible existence of crystalline P-C3N4.
Later, this compound has been found as particles with a size of
~0.5 um in a ~ 1 mm thick C,N-containing film obtained on a
silicon support by atomisation of graphite (T=673-873K)
under a nitrogen atmosphere (PN2 = 2.3 Pa).20 The carbon
nitride P-C3N4 has a hexagonal structure of the P-Si3N4 type
(see Table 2).
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The S i - C system. In this system only one phase exists, namely,
silicon carbide SiC having a- and p-modifications.

The structure of a-SiC consists of close-packed layers of
silicon atoms and close-packed layers of carbon atoms, which
are arranged between the silicon layers at a height equal to | of
the distance between them; the carbon atoms occupy the same
crystallographic positions as the silicon atoms. Consequently, all
the atoms of one kind in the carbide a-SiC are located in the
tetrahedral environment of atoms of the other kind (SiC4 and
CSi4>. The number of the layers in the structure of a-SiC may
differ, which accounts for the polytypism of silicon carbide. The
carbide a-SiC forms more than 100 hexagonal and rhombohedral
polytypes. More than 70 polytypes of a-SiC differing in the
number of the layers have been described in a review.21 The most
commonly encountered structures are 4-, 6-, and 15-layered
polytypes denoted as 4 H, 6 H, and 15 R (the letters H and R
correspond to hexagonal and rhombohedral polytypes and the
digits correspond to the numbers of the layers in the polytypes; the
cubic close-packed structure is designated as 3C).

The cubic modification p-SiC crystallises with the sphalerite
ZnS (53) structural type; its formation is probably promoted by a
slight excess of silicon.

The temperature of the peritectic decomposition of silicon
carbide is 3030-3100 K.
The Al—C system. AI4C3 is formed as the only hexagonal carbide
in the Al—C system (see Table 2). In this compound, the
aluminium atoms constitute close-packed planes, with 3 and 5 of
all the carbon atoms being located between these planes in the
tetrahedral and octahedral interstices, respectively. Consequently,
the AI2C2 and AI2C layers alternate along the c axis (a rhombohe-
dral unit cell contains 12 close-packed planes of aluminium
atoms).
The Si —N system. The silicon nitride SJ3N4 is the only stable
silicon compound with nitrogen. It exists in two modifications:
a-Si3N4 (trigonal) and P-S13N4 (hexagonal) (see Table 2).

The nitride <x-Si3N4 has a layered structure in which each
silicon atom is in the tetrahedral environment of four nitrogen
atoms, and three silicon atoms constitute the nearest environment
of each nitrogen atom.

The structure of 0-Si3N4 also consists of SiN4 tetrahedra in
which each nitrogen atom is shared by three tetrahedra. The
nitride P-Si3N4 is stable up to 1700K in the absence of nitrogen.
The intercalation of admixtures into the lattice of P-Si3N4 can lead
to the formation of the a-modification (for example, the structure
of a-Si3N4 is stabilised by elemental silicon).
The Al—N system. In the Al — N system, too, only one compound
is known, namely, the nitride A1N with a hexagonal structure of
the wurtzite ZnS (54) type. The nitrogen atoms in A1N occupy
tetrahedral vacancies between the hexagonal close-packed layers
of aluminium atoms. The sintering of an aluminium nitride
powder prepared by the plasmochemical method yields a multi-
layer sphalerite polytype of A1N.13 In all probability, this
modification arises due to the presence of an admixture of oxygen.

Aluminium nitride possesses high hardness, heat conductivity,
and thermal stability and low thermal expansion coefficient; it is
resistant to oxidation up to 1000 K.
The Al—Si system. In this system no compounds have been
detected.

II. Phase equilibria in M—B — C borocarbide
systems
The transition metal borocarbide systems are among the ternary
systems of transition metals with boron, carbon, nitrogen, and
silicon studied most thoroughly. Nevertheless, virtually no survey
papers devoted to them have been published. Some of the
M —B —C systems have been described in monographs.8'29"31

1. Borocarbides of Group III transition metals
Borocarbides of scandium, yttrium, and lanthanides have not
been studied adequately, though it is in these systems that most of
the known ternary compounds M.xB,.Cr (Table 3) have been
found. In particular, scandium, yttrium, and all the lanthanides
(except for Pm) form ternary borocarbides of the formula
MB2C2.33-34-36-37-41'44-46 For the lanthanide borocarbides
LnB2C2, a small tetragonal unit cell containing one LnB2C2
formula unit and having similar ao and Co parameters was initially
suggested.36'41 The boron and carbon atoms in this structure are
arranged randomly. Using YB2C2 as an example, Bauer and
Nowotny have shown 34 that the crystal structure with disordered
distribution of the B and C atoms is described by the P4/mmm
space group, the small cell being regarded as only the first
approximation to the structure of the borocarbides LnB2C2.
Judging from the general views about bond lengths and direc-
tions, a tetragonal structure with a regular arrangement of B and
C atoms (space group P4/mbm with a = a^\fl and c = c0) has
been suggested for the compounds MB2C2. Bauer and Nowotny34

have suggested a more plausible model for the ordering of the
boron and carbon atoms in the compounds MB2C2 under
consideration in relation to yttrium borocarbide YB2C2. Accord-
ing to this model, the small tetragonal unit cell with a statistical
distribution of the atoms is doubled along the c axis, i.e. a = ao
and c = 2co. In the unit cell thus obtained (space group P42c), the
metal atoms occupy the 2(e) sites, the four boron atoms occupy
the 4(/) sites with y = 0.232, and the four carbon atoms are at the
4(A) sites with x = 0.168 (Fig. 2).

A study of the crystal structure of LaB2C2 carried out by
Bauer and Bars37 has confirmed the validity of the ordering model
described above.34 The diffraction pattern of LaB2C2 was inter-
preted 37 in terms of several models: a small tetragonal unit cell
with a disordered distribution of boron and carbon atoms [space
group P422, Z = 1, the B and C atoms occupy the 4(w) sites with
x = 0.203]; a small unit cell with an ordered distribution of
nonmetal atoms [space group Pmmm, Z = 1, the B and C atoms
occupy the 2(p) and 2(1) sites, respectively]; an ordered tetragonal
structure with a = a0V2 and c = c0 (space group P4/mbm,
Z = 2); and an ordered tetragonal structure (space group P42c,
Z = 2). The latter model proved to be the most successful. This
made it possible to conclude that all the borocarbides LnB2C2
crystallise with a tetragonal structure (space group P42c) with an
ordered distribution of the carbon and boron atoms in the lattice.
The unit cell parameters of the yttrium and lanthanide borocar-
bides MB2C2 with ordered and disordered distributions of the
boron and carbon atoms are listed in Table 3.

Another common structure of scandium, yttrium, and heavy
lanthanide borocarbides is MB2C.32> 34> 35 In the case of disor-
dered distribution of the B and C atoms in the borocarbide YB2C
(space group P4/mbm), four Y atoms occupy the 4(g) sites, and
twelve boron and carbon atoms are distributed statistically

Q Ln,z = O

O B,z = |

Figure 2. Projection along the [001] axis of the ordered crystal structure
of the borocarbides MB2C2 of the YB2C2 type (space group P4~2c).34

Only one half of the unit cell is shown; for z = \, the B - C network is
rotated by 90°.
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Table 3. Some ternary compounds in borocarbide systems of Group HI transition metals and lanthanides.

Compound

ScB2C

ScB2C2

YBC
Y2BC2

YB2C

YB2C
YB2C
YB2C2

YB2C2

YB2C2

CeB2C2

CeB2C2

CeB2C4

Ce5B2C6

LaBC
LaB2C2

LaB2C4

La5B2C6
PrB2C2

PrB2C2

NdB2C2

NdB2C2

SmB2C2

SmB2C2

EuB2C2

GdB2C2

GdB2C2

GdBc
Gdo.35Bo.45Co.2o

(~Gd7B9C4)
Gd0.3B0.4C03
(~GdBC)
Gd0.4B0.35C0.25

(~Gd8B7C5)
Gdo.35Bo.19Co.46
(~Gd2BC2)
TbB2C

TbB2C2

TbB2C2

DyBC
DyB2C

DyB2C2

DyB2C2

HoB2C

HoB2C2

HoB2C2

HoBC

HoBc

H02BC3

Symmetry and type

of structure

Tetragonal,
the YB2C type

Orthorhombic
11

Isostructural to
YI5C19(?)

Tetragonal
(disordered)

Tetragonal (ordered)
11

Tetragonal
(disordered)

Tetragonal (ordered)
Tetragonal
11

11

—

Tetragonal
-
Tetragonal
—
Tetragonal
11

11

11

11

it

11

it

it

it

Orthorhombic
-

-

-

Orthorhombic

(?)
Tetragonal,

the YB2C type
Tetragonal
11

Orthorhombic
Tetragonal,

the YB2C type
Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

Orthorhombic
(high-temperature
the YBC type

Tetragonal
(long-period)

Centred
tetragonal
(high-temperature)

Space group

P42/mbc

Pbam
Cmmm
—

P4/mbm

P42lmbc
P42lmbc
P4/mmm

P42c
—
-
P42c
-
P4
—
P42c
-
P4
—
P42c
—
P42c
—
P42c
P42c
—
P42c
Cmmm
-

-

-

—

P42/mbc

-
P42c

Cmmm
PA2lm.bc

—
P42c

P42/mbc

-
P42c
Cmmm

-

—

Z

8

4
4
—

4

8
8
1

2
-
-
2
-
4
—
2
-
4
—
2
—
2
—
2
2
—
2
4
—

-

-

-

8

-
2

4
8

-
2

8

-
2
4

-

_

Unit cell parameters / nm

a

0.6651

0.5175
0.3388
-

0.6769

0.6769
0.6793
0.3796

0.3796
0.3788
0.3817
0.3817
-
0.8418
-
0.3822
-
0.8585
0.382
0.381
0.3803
0.3803
0.3796
0.3796
0.3801
0.3792
0.3792
0.4356
-

-

-

0.609

0.6791

0.3784
0.3784

0.3384
0.6788

0.3782
0.3781

0.6773

0.3780
0.3780
0.3384

0.3546

0.3561

b

1.0075
1.3693
—

-

-
-
-

-
-
-
—
—
-
—
—
—
—
—
7
—
—
—
_
—
—
—
0.3796
-

-

-

>0.8

-

-
-

1.3727
—

-
-

-
-
1.3697

-

—

c

0.6763

0.3340
0.3627
—

0.3715

0.7430
0.7438
0.3562

0.7224
0.3551
0.3852
0.7704
-
1.2077
-
0.7924
-
1.2313
0.381
0.762
0.3794
0.7588
0.3696
0.7392
0.7602
0.3640
0.7280
0.3697
-

-

-

0.856

0.7522

0.3591
0.7182

0.3647
0.7452

0.3560
0.7118

0.7399

0.3537
0.7074
0.3594

4.640

1.2455

Ref.

32

33
34
34

34

34
34
34

34
36
36
37
38
39
40
37
38
42
41
37
41
37
36
37
37
36,41
37
43
41

41

41

41

35

41
37

43
35

41
37

35,44

41
37,44
44

44

44
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Table 3 (continued).

Compound Symmetry and type
of structure

Space
group

Z Unit cell parameters / nm

a b c

AI Gusev

Ref.

LaB2C2

H02BC3

H03B2C3
H05B2C6

H05B2C5
H0,5B2Ci7

ErB2C
ErB2C2

ErB2C2

TmB2C

TmB2C2

TmB2C2

YbB2C

YbB2C2

YbB2C2

LuB2C

LuB2C2

LuB2C2

Tetragonal
Primitive

tetragonal
—
Tetragonal,

the La5B2C6 type
Tetragonal
Tetragonal

(substitution of in
Hoi5Ci9byB)

Tetragonal
tt

11

Tetragonal,
the YB2C type

Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

Tetragonal,
the YB2C type

Tetragonal
11

—

—

-

PA

-
P42,c

P42/mbc
-
PAlc
P42/mbc

—
P42c
P4i\mbc

-
P42c
P42lmbc

-
P42c

0.3816
0.3567

0.7981

0.8033
0.8004

0.6753
0.3778
0.3778
0.6735

0.3776
0.3776
0.6724

0.3775
0.3775
0.6755

0.3762
0.3762

0.3975
2.4515

1.1561

1.0812
1.5984

0.7321
0.3508
0.7016
0.7284

0.3477
0.6954
0.7240

0.3560
0.7120
0.7178

0.3453
0.7102

36,41
44

44
44

44
44

35
41
37
35

36
37
35

36,41
37
32

36
37

between the 8(7) and 4{h) sites. In the case of the borocarbides
MB2C with an ordered distribution of the B and C atoms (space
group P42/mbc), the unit cell parameter c is twice as large as that
for the disordered unit cell; the Y atoms occupy the 8(g) sites,
sixteen boron atoms are arranged at the 8(/i) sites of two types, and
eight carbon atoms occupy the 8(A) sites.

Phase equilibria in the Y - B - C , 3 4 E u - B - C , 3 1

G d - B - C , 4 1 and H o - B - C 4 4 systems have been studied; in
these systems, four, two, five, and eight ternary compounds,
respectively, have been found (Fig. 3). The state diagram for the
Y — B—C system has been constructed using the data of an X-ray
structural study of samples quenched from a melt. A phase

EuB6

B B4C B B13C-B4C B B4C

H0B4
HoB6

H0B12

HoB2

B13C2-B4C

Figure 3. Phase equilibria in the L n - B - C ternary systems (dark areas
denote one-phase homogeneity regions).
(a) the Y —B—C system (the samples were quenched from the melt),

(/) Y2BC2, (2) YBC, (3) YB2C, (4) YB2C2;
(A) theEu-B-Csystem(1773K),(7) EuB,C>-, (2) EuB2C2;
(c) the Gd - B - C system (2273 - 2573 K), (/) ~ Gd7B,C4,

(2) ~Gd8B7C5, (5) ~Gd2BC2, (4) GdBC, (5) GdB2C2;
(d) the Ho - B - C system (1773 K), ( /) HoB2C, (2) HoB2C2, (3) HoBC,

(4) Ho2BC3,(5) Ho5B2C5,«5) Ho5B2C6, (7) HC5B2C7,
(S)Ho3B2C3.



Phase equilibria in the M - X - X' and M - Al - X ternary systems and crystal chemistry of ternary compounds 385

diagram for the Ce — B — C system has been suggested 47 based on
thermodynamic estimates; however, only one ternary compound,
which was known at that time, was taken into account in this
study.

2. Borocarbides of Group IV transition metals
Due to their high stability borides of Group IV transition metals
exist in equilibrium with carbon, boron carbide B4C, and non-
stoichiometric monocarbides M I VC,. The mutual solubility of
borides and carbides is very low.
The T i -B —C system. The first version of the state diagram for
this system was suggested by Brewer and Haraldsen.47 According
to the thermodynamic calculations made by them, four titanium
borides, namely, Ti2B, TiB, T1B2, and Ti2B5, are formed in this
system. The existence of the Ti2B and Ti2Bs phases has not been
confirmed reliably in experimental studies. The phase diagram for
the Ti —B —C system, commonly accepted at present, has been
constructed using the results of a detailed study48 and has
been refined later in another study;49 this variant has also been
presented in a paper by Schouler et al.50 (Fig. 4). The isothermal
cross-section through the Ti — B — C system at 2273 K 5 ' coincides
almost exactly with that presented in Fig. 4a.

There is almost no mutual solubility of titanium carbide
TiCi.o and titanium diboride TiB2 at temperatures below 2273 K.
When the stoichiometric composition of titanium carbide is
disturbed, the solubility of TiB2 in it increases. In fact, at 1873 K,

TiB
TiB + TiC,

L + TiB + TiC

L+Tic

at.%

r ,K

3498 ± 20 K

3273

TiB2 40 80 C TiB2

C (mass %)

40 8OB4.sC

B4.5C (mass %)

Figure 4. State diagram for the Ti — B — C ternary system and its
pseudobinary cross-sections.49-so

(a) the isothermal cross-section through the Ti —B —C system at 1873 K
(dark areas denote one-phase homogeneity regions); (b) polythermal
pseudobinary TiB2 —C cross-section; (c) polythermal pseudobinary
T1B2 — B4 5C cross-section.

~ 3 mol % of TiB2 is dissolved in the carbide TiCo.95, whereas
TiCo.68 dissolves ~ 7 mol % of TiB2. The increase in the solubility
of TiB2 is in good agreement with the conclusion made by Gusev 2

that an increase in the concentration of structural vacancies
creates new interstitial positions and is favourable for the increase
in the solubility. Note that the hardness of titanium carbide
increases on the addition of TiB2.

In the TiC,,-TiB2, TiB2-C, and TiB2-B4C pseudobinary
cross-sections, ordinary eutectics at 2900, 2780, and 2600 K,
respectively, are formed. The mutual solubility of titanium
boride and titanium carbide along the TiC,-TiB pseudobinary
cross-section should most likely be unlimited, if these compounds
have identical structures of the B\ type, and their unit cells have
similar sizes. In the T\Cy — TiB system, there is a possibility of the
formation of solid solutions, but it is prevented by the decom-
position of TiB at temperatures above 2200 K.52

The Zr — B — C system. The state diagram of this system has been
studied in a number of papers.47'53-54 The ZrC, — ZrB2, ZrB2 — C,
and ZrB2 —B4C pseudobinary equilibria were found in the
Zr —B —C ternary system; later, their existence has been con-
firmed experimentally. In addition, the ZrC,. — ZrB equilibrium
exists at T ^ 1523K and the ZrB]2-B4C equilibrium exists at
T > 1923 K.47 ZrB has not been detected.53 The solubility of ZrB2

in the carbide ZrC,. increases with an increase in the concentration
of structural vacancies in the carbon sublattice of the carbide.
The H f - B - C system. The phase diagram for the H f - B - C
ternary system was constructed for the first time by Nowotny et
al.53 It proved to be fairly similar to the state diagram of the
Ti - B - C system. The HfB - HfC,, HfB2 - HfC,., HfB2 - C, and
ZrB2 —B4C pseudobinary equilibria exist in the Hf—B —C
system. In the HfB2-HfC,., HfB 2 -C, and ZrB 2 -B 4 C pseudo-
binary cross-sections, ordinary eutectics at temperatures of 3410,
2790, and 2600 K, respectively, are formed. The solubility of HfB2

in HfC, increases with an increase in the defectiveness of the
carbon sublattice of the carbide.

A general feature of the interaction of boron with titanium,
zirconium, and hafnium carbides is the formation of limited
MBvCi_T borocarbide solid solutions. The solubility of boron
in carbides increases in the sequence TiC,. -> ZrC, -> HfC,- and
with a decrease in the carbon content. Hafnium carbide dissolves
up to 6 at.% of boron.

No ternary compounds are formed in the titanium, zirconium,
and hafnium borocarbide systems.47"50-53"55

The T h - B - C system. Only binary carbides ThC, ThC2 , and
B4C and borides ThB4 and ThB6 exist in this system. There are
four pseudobinary phase equilibria in the Th —B —C ternary
system, namely, T h C - T h B 4 , T h C 2 - T h B 6 , T h B 6 - C , and
ThB6 — B4C.47 It has been shown by experimental studies that in
this system (in contrast to the titanium, zirconium, and hafnium
borocarbide systems), four ternary compounds ThaB2C3, ThBC,
ThB2C, and ThBC2, are formed (Table 4). They all have
homogeneity regions, the homogeneity region of ThBC being
fairly large. A state diagram for the Th —B —C system has been
reported.56 Five ternary compounds, namely, ThBC, ThB2C,
ThBC2, Th2BC, and Th2BC2, were found in this diagram (the
ternary monoclinic thorium borocarbide Tli3B2C2 reported in
another paper58 was not taken into account in this diagram). The
compounds ThBC and ThB2C melt congruently at 2370 and
2310 K, respectively.

A characteristic feature of the Th —B —C system is that
carbon is almost insoluble in borides, and boron is almost
insoluble in carbides.

3. Borocarbides of Group V-VII I transition metals
The ternary systems of Group V transition metals with boron and
carbon differ from the analogous systems containing Group IV
transition metals in that new binary borides, M3B4 and M3B2,
arise in these systems. No ternary borocarbides of Group V
transition metals were detected in the M v — B — C systems.
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Chromium, molybdenum, and uranium form borocarbides
with boron and carbon, whereas in the W—B—C system no
ternary compounds were detected.
The V - B - C system. The state diagram for the V - B - C system
has been constructed by Markovsky et al.69 In this system, all the
carbides and borides are in equilibria with one another:
V2Q-V3B2, V2C>,-VB, VC, -VB, VC, -V 3 B 4 , V Q - V B z ,
and VB2 —B4C. The VB2 —C pseudobinary equilibrium also
exists. The solubility of boron in vanadium carbides is low, but it
is somewhat higher than the solubility of carbon in vanadium
borides.
The N b - B - C system. This system involves the same phase
equilibria as the V—B—C system.69 The NbCy —NbB2 pseudo-
binary cross-section is eutectic with an eutectic temperature of
~2900K. The solubility of boron in the carbide NbCy increases
with a decrease in y and can reach 5 at.%. The hardness of the
niobium carbide NbCy increases noticeably on the dissolution of
boron.
The Ta—B—C system. In this system, the existence of borides
Ta2B and Ta3B, in addition to the borides TaB2, Ta3B4, and TaB,
which are also characteristic of the V —B—C and Nb —B —C
systems, has been reported.47 Later, the existence of Ta2B has been
confirmed, and the boride Ta3B2 has also been found. The
existence of Ta3B has not been confirmed. The Ta —B—C
system, unlike the V —B—C and Nb —B —C systems, involves
one more pseudobinary equilibrium, namely, Ta2Cy —Ta2B. The
TaC>.—TaB2 pseudobinary cross-section has a eutectic at a
temperature of ~3000K. The solubility of boron in TaC,,
increases with an increase in the concentration of carbon
vacancies and can reach 6 at.%. The solubility of carbon in
TaB2 is no more than 2 at.%. The dissolution of boron in TaC^
leads to a substantial increase in the microhardness.
The Cr—B —C system. Chromium carbides, in contrast to
carbides of other transition metals, can dissolve substantial
quantities of boron. This is caused by the significant differences
between the crystal structures of chromium carbides and carbides

of other transition metals. For example, at 1723 K, about 30% of
the carbon can be substituted by boron in the carbide Cr23C6,
about 36% in Cr7C3, and about 5% in Cr3C2.29 The state
diagram for the Cr—B —C ternary system has been con-
structed;70 however, the phase relationships in the region rich in
carbon and boron have been studied inadequately. Chromium
forms four ternary phases with boron and carbon, namely, the
Cr3(B,C)2, Cr7(B,C)3, and Cr23(B,C)6 solid solutions and the
compound Cr7BC4 (see Table 4).

The boron atoms and some of the carbon atoms in Cr7BC4 fill
the trigonal prismatic interstices and the rest are arranged in the
octahedral vacancies of the metal sublattice.60 This compound is
stable in the temperature range 1820 K-1980 K. A neutron-
diffraction study has shown that the borocarbide Cr7BC4 has a
filled structure of the Re3B type (space group Cmcrri) (Fig. 5),
which is also peculiar to other ternary compounds (for example,
zirconium and hafnium aluminidonitrides).61 In the borocarbide

O

Figure 5. Projection along the [001] axis of the crystal structure of the
Re3B type (space group Cmcm).
(1, 2) nonmetal atoms located at heights x = 0 and x = \, respectively;
(3,4) metal atoms located at heights x = 0 and x = j , respectively.

Table 4. Some ternary compounds in borocarbide systems of Group IV and Group VI-VIII transition metals.

Compound Symmetry and
type of structure

Space
group

Unit cell parameters/ nm Ref.

a

ThBC
Th3B2C3

ThB2C
ThB2C

TI1BC2
Cr7BC4

Cr3(Bo.44Co.56)Co.8S
M02BC

UBC
UBC
UBC
UB2C

U5B2C7
Mn 2 3 C 3 B 3

Mn 7 BC 2

Fe 2 3 C 3 B 3

Fe3(B,C)

(Fe3Co.2Bo.8)
CouBzC

Tetragonal
Monoclinic
Hexagonal
Trigonal

(rhombohedral)
-
Orthorhombic filled

structure of the Re3B type
M

Orthorhombic
Monoclinic
Orthorhombic
11

Trigonal, the TI1B2C type
(high-temperature
modification)

Tetragonal, the La5B2C6 type (?)
Cubic, the Cr23C6 (D$4) type,

a solid solution of boron in Mn23C6
Orthorhombic, a solid solution

of boron in Mn?C3

Cubic, the Cr23C6 (D84) type
Orthorhombic, the cementite

Fe3C(£>0ii)type
Cubic, the Cr23C6 (O84) type

P4,22
P2jm
P6/mn
Rim

-
Cmcm

Cmcm
Cmcm
C2/m
Cmcm
Cmcm
Rim

-
Fmlm

Pnma

Fmlm
Pnma

Fmlm

0.3762
0.3703
0.3868
0.6676

0.2870

0.2857
0.3086
0.3591
0.3591
0.3591
0.6535

1.071

0.4521

1.0594

1.047

0.9146

0.9260

0.9233
1.735
1.195
1.195
1.1985

0.6986

2.5246
0.3773 a

0.3810
1.1376

0.6982

0.6967
0.3047
0.3372
0.3372
0.3348
1.0781

1.2099

56,57
58
56
59

56
60

61
62
57
63
64
64

64
65

31

67
68

69

1 In the unit cell 0 = 100.06°.
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Cr7BC4 with the Re3B type of structure, the carbon atoms at the
4(6) sites populate 85% of the octahedral interstices, and the rest
of the carbon atoms together with the boron atoms share the 4(c)
sites at the centres of trigonal prisms. Thus, the more exact
structural formula of this compound should be written as

The Mo —B —C system. The possible phase equilibria in the
Mo —B—C system were first estimated by a thermodynamic
calculation.47 According to this estimate, six pseudobinary phase
interactions exist in this system, and ternary compounds are
absent. More recently,69 the Mo — B — C phase diagram has been
made substantially more precise.

One ternary compound M02BC with a small homogeneity
region and an orthorhombic structure (space group Cmcm) of its
own type (see Table 4), typical also of a number of other ternary
compounds discussed in this review, is formed in this system. The
structure of M02BC is a combination of the boride and carbide
sublattices (Fig. 6). The carbon atoms are located at the centres of
the octahedra formed by the molybdenum atoms. The CM06
octahedra are connected to one another by eight edges and form
double-stranded octahedral layers. The boron atoms in Mo2BC
linked in zigzag-shaped chains are arranged between the octahe-
dral layers. Each boron atom is located at the centre of a trigonal
prism, molybdenum atoms serving as the vertices of the prism.
This distribution of boron atoms is specific and typical of
transition metal monoborides. This gives grounds for regarding
the borocarbide M02BC as a derivative of p-MoB in which the
octahedral interstices of the molybdenum sublattice are occupied
by carbon atoms.

Figure 6. Crystal structure of M02BC (space group Cmcm).
(a) projection along the [100] axis (the wholly visible atoms are located at
height x = 0; the atoms that are partly seen are located at height x = \);
(b) the layer of the CM06 octahedra joined through their edges, parallel to
the (010) plane; in M02BC. these layers are joined in pairs in such a way
that each octahedron is linked to the neighbouring octahedra via its eight
edges.

At 1573 K, three borides Mo2B, MoB, and Mo2B5, molybde-
num carbide M02C, boron carbide B4C, and ternary compound
M02BC exist in the Mo —B —C system. The following equilibria
are established between these compounds: M02B —M02C,
M0B-M02C, M0B-M02BC, M o B - C , M02BC-M02C,
M02BC-C, M02B5-B4C, and Mo 2 B 5 -C. At 2073 K, the
M02B5 —C equilibrium disappears, since the boride M0B2 arises,
and the M0B2 —C equilibrium is established; in addition, carbide
M03C2 arises distinct from M02C; 1-2 at.% of boron dissolves in

both carbides. Boron stabilizes the high-temperature carbide
phases of molybdenum. The M0B2—C and MoB —C pseudobin-
ary cross-sections are eutectic systems.
The W - B - C system. This system contains only binary tungsten
carbides W2C and WC, tungsten borides W2B, WB, and W2B5,
and boron carbide B4C.47 Tungsten borides WB1269 and
WB4

49-50 have also been detected. The existence of the boride
WB4 is more probable. Six pseudobinary cross-sections, namely,
W2B-W2C, W 2 B-WC, W B - W C , W B - C , W2B5-C, and
W2B5 — B4C contain ordinary eutectics with temperatures 2640,
2560, 2600, 2630, 2550, and 2500 K, respectively.49 In all prob-
ability the WB4—B4C pseudobinary cross-section is also an
eutectic system.
The U-B—C system. The phase equilibria in this system have
been studied.63'64 It was originally believed that the U - B - C
system contains one ternary compound UBC (see Table 4) with an
extended homogeneity region, which exists at 1573 K in equilib-
rium with UC, UC2 , C, UB2 , and UB4. In addition, there are
UC-UB2, U B 4 - C , UB4-B4C, and UB12-B4C pseudobinary
equilibria. The ternary borocarbide UBC lies at the UC2-UB2
pseudobinary cross-section. The distribution of the carbon and
boron atoms in this orthorhombic phase is intermediate between
those in the tetragonal carbide UC2 and the hexagonal boride
UB2 .

In a more recent study of the U — B — C system, two other
ternary compounds UB2C and U5B2C7 have been detected, apart
from UBC (see Table 4). The isothermal cross-section through the
U - B - C system at 1873 K at an argon pressure of 1 x 105 Pa has
been constructed by Rogl et al.64 The phase equilibria at 1273,
1673, 1873, and 2073 K are virtually identical. The high-tempera-
ture modification of UB2C has a structure of the TI1B2C type and
has a narrow homogeneity region; with an increase in carbon
content the unit cell volume of U2BC somewhat decreases. At
temperatures below 1900K, the low-temperature modification of
UB2C is formed; its structure is unknown. The compound U5B2C7
probably has a tetragonal structure similar to that of LasB2C6.42

The temperatures of the congruent melting of UBC and UB2C are
2420 ± 25 K and 2550 ± 30 K, respectively. The borocarbide
UB2C exists in equilibrium with UBC, UB4 , and C, and U5B2C7

is in equilibrium with UBC, UC, and UC2.
The Mn—B—C system. Among the ternary systems formed by
boron and carbon with manganese, technetium, and rhenium,
only the Mn — B — C system has been studied fairly extensively. An
isothermal cross-section through the manganese-rich part of the
phase diagram of this system at 1073 K has been reported.65 At
1073 K the borocarbide formed on the dissolution of boron in the
cubic carbide Mn23C6 has the composition
(a- 1.064 nm), and at 1273K, its composition is
The dissolution of boron in the carbide Mn7C3 at 1273K yields
the Mn7BC2 ternary phase (see Table 4).65 '66 At 1273 K the boride
Mn4B exists in equilibrium with Mn23C3B3 and Mn7BC2, MnB is
in equilibrium with Mn7BC2 and C; two other equilibria, namely,
Mn3B4 —C and Mn3B4 —B4C, also exist in the system.71

The borocarbide Mn23C3B3 has a structure of the Cr23C« type,
which is also typical of the iron borocarbide Fe23B3C3, the cobalt
borocarbide C011B2C, and some other ternary compounds.

The unit cell of the carbide Cr23C6 and the borocarbides
Mn23C3B3 and Fe23B3C3 (space group Fmhrri) is a cube including 4
formula units, i.e. 92 metal atoms and 24 atoms of the nonmetals.
Each metal atom occupies a cube vertex and is surrounded by 12
metal atoms constituting a cubooctahedron. Similar cuboocta-
hedra formed by 12 metal atoms surround the centre of each face
of the cube. Eight metal atoms occupy the 8(c) and equivalent sites
and the remaining metal atoms are at the 32(/) sites and form
simple cubes surrounding the middle of each unit cell edge. Each
nonmetal atom in compounds with the Cr23C6 type of structure is
surrounded by eight metal atoms located at the vertices of a
tetragonal antiprism.
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Among ternary systems of boron and carbon with Group VIII
transition metal, only the Fe —B—C system has been studied in
detail. In the Co-B—C system, a ternary compound ConB2C
has been found (see Table 4).69

The Fe—B—C system. Iron forms a carbide Fe3C (cementite) and
borides Fe2B and FeB. Up to 80 at.% of the carbon in Fe3C can be
substituted by boron; carbon is markedly soluble in both borides.
Two ternary compounds Fe23C3B3 and Fe3(B,C) have been found
in this system (see Table 4). Boron introduced to the cementite
Fe3C can replace not only the carbon atoms, but also the iron
atoms, the boron atoms being predominantly distributed over the
crystallographic planes of cementite.68 The borocarbide Fe23CsB3
(the x-phase) having fairly extended homogeneity regions both for
boron and carbon has been studied most thoroughly. The
borocarbide Fe23C3B3 melts congruently. As the temperature
increases, the homogeneity region of the t-phase decreases, and
at 1240K, the x-phase decomposes to give the y-phase (austenite)
and Fe3(B,C).73

III. M—B—N ternary boronitride systems
The properties of the boronitride systems of transition metals are
largely similar to those of the borocarbide systems. For a long
time, no ternary compounds were found in the M — B — N systems;
however, since 1983, several boronitrides of lanthanides and also a
ternary compound in the Nb—B —N system were detected
(Table 5). The phase equilibria in the M —B—N ternary systems
have been analysed in a number of studies.80"83

Rogl et al.,74 who have studied ternary systems containing
lanthanides, boron, and nitrogen, have found a family of new
ternary lanthanum, cerium, praseodymium, and neodymium
boronitrides M3B2N4 with the orthorhombic structure of the
W2CoB2 type. In the M-B-N-systems (M = Sc, Y, Gd -• Lu),
the M3B2N4 ternary phases are not formed. The boronitride
Nd3B2N4 is unstable at temperatures above 1673 K. The struc-
ture of boronitrides M3B2N4 can be regarded as a variant of the
(W2Co)B2n4 filled structure. The boron atoms in this structure
are located in trigonal prisms consisting of six metal atoms and
form B — B pairs; in addition, each boron atom is bound to two
nitrogen atoms (Fig. 7). In turn, the nitrogen atoms of M3B2N4

N
• B

O M
Figure 7. Orthorhombic structure of the lanthanide boronitrides
M3B2N4 (M = La, Ce, Pr, Nd) of the (W2Co)B2n4 type (space group
Immm).14

occupy the 8(/) sites, which are vacant in (W2Co)B2D4- In other
words, the nitrogen atoms are located in the distorted octahedral
interstices and are surrounded by five metal atoms (the M atoms
are in the vertices of a rectangular pyramid) and by one boron
atom, i.e. NM5B groups are formed. There are no direct N —N
interactions in the structure of the boronitrides M3B2N4.

Ternary compounds MBN2 of the same type have been found
in the M - B - N systems (M = Pr, Nd, Sm, Gd) (see Table 5).
The boronitride GdBN2 is stable only at T > 1763 K.76 The
boronitride CeisBs^s has been detected in the Ce —B—N
system.75 Scandium, yttrium, and lanthanides from Tb to Lu do
not form compounds MBN2.81 In the M —B —N systems
(M = Tb -• Lu, Y), the boron nitride BN exists in equilibrium
with a metal nitride MN and with all the existing borides
beginning with MB4 and ending with MB66, and MN coexists
with borides MB2 and MB4; in the Sc —B—N system, there are
only two borides, SCB2 and ScBi2, existing in equilibrium with
BN; and ScN is in equilibrium with ScB and BN.63 The mutual
solubilities of boron nitride and lanthanide borides and nitrides
are extemely limited.81

Table 5. Some ternary compounds in boronitride systems of transition metals.

Compound

La3B2N4

Ce3B2N4

Cei5B8N25

Pr3B2N4

PrBN2

Nd3B2N4

NdBN2

NdBN2

SmBN2

SmBN2

GdBN2

Nb2BN
Nb2-.rV.vBN
Nb2-.vTa.rBN

a In the unit cell a

Symmetry and

type of structure

Orthorhombic, filled
structure of the W2C0B2 type

H

Trigonal
(rhombohedral)

Orthorhombic, filled
structure of the W2C0B2 type

Trigonal
(rhombohedral)

Orthorhombic, filled
structure of the W2C0B2 type

Trigonal
(rhombohedral)

Monoclinic
it

Trigonal
(rhombohedral)

tt

Orthorhombic

= 82.96°. b In the unit cell 0 = 99.32°.

Space group

Immm

Immm
Ric

Immm

mc

Immm

me

P2t/m or P2\/c
P2\jmOT P2\lc

me

me
Cmcm
Cmcm
Cmcm

c In the unit cell 0 = 99.84°.

Z

2

2
2

2

18

2

18

10
10
18

18
4
4
4

Unit cell parameters / nm

a

0.3634

0.3565
1.0946a

0.3540

1.2114

0.3520

-

0.6950
0.6897
—

-
0.3172
0.3172
0.3171

b

0.6414

0.6316
-

0.6310

-

0.6278

-

1.2077
1.1928
-

-
1.7841
1.7841
1.7846

c

1.0974

1.0713
-

1.0795

0.7013

1.0756

—

0.5856"
0.5783c

-

-
0.3114
0.3113
0.3114

Ref.

74

74
75

74

76

74

76

77
77
76

76
78,79
78
78
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The Ti—B—N system. Studies of the phase equilibria in ternary
systems containing Group IV transition metals, boron, and
nitrogen have shown that no ternary compounds are formed in
these systems. According to thermodynamic data,47 six pseudo-
binary equilibria are possible in the Ti — B — N system, namely,
TiN,. - Ti2B, TiN,. - TiB, TiN,. - TiB2, TiB2 - N, TiB2 - BN, and
Ti2Bs —BN. There are no reliable experimental data supporting
the existence of the borides Ti2B and Ti2Bs. The phase diagram
for the T i - B - N system has been constructed by Nowotny et
al.48 Four binary compounds, namely, TiB, TiB2, TiNv, and BN,
exist in this system; ternary compounds are absent. The titanium
nitride TiNv exists in equilibrium with the borides TiB and TiB2

and with BN. The lower boride TiB is in equilibrium with the solid
solution of nitrogen in oc-Ti and the higher boride TiB2 is in
equilibrium with BN. The solubility of boron in the titanium
nitride is low, but it is higher than that in the carbide TiCy. When
the composition of nitride TiN,. deviates from the stoichiometric
composition, the solubility of boron in it increases. The solubility
of nitrogen in titanium borides is negligibly small. The TiN,. — BN
equilibrium at a nitrogen pressure of 0.05 MPa exists only below
1900 K, and at T > 1900K, the boride TiB2 exists in equilibrium
with nitrogen.47

The Zr —B —N system. The phase equilibria in this system have
been investigated in a number of studies.47-54-84 Brewer and
Haraldsen47 suggested the existence of three zirconium borides,
ZrB, ZrB2, and ZrBi2, therefore, five possible pseudobinary
equilibria, ZrN,,-ZrB, Z rN , -Z rB 2 , Z rB 2 -N , ZrB 2 -BN, and
ZrBi2 — BN, were considered in the Zr — B — N system. ZrB2 is the
main boride phase of zirconium. In this system, four binary
equilibria exist: zirconium diboride exists in equilibrium with the
solid solution of nitrogen and boron in a-Zr and with the nitrides
ZrN,- and BN; and the nitride ZrN,. is in equilibrium with BN. The
latter equilibrium can exist at a pressure of nitrogen of 0.05 MPa
(0.5 atm) up to a temperature of 182OK; at T> 1820K, the
zirconium diboride ZrB2 exists in equilibrium with nitrogen.47

The solubility of boron in zirconium nitride ZrN,. is much higher
than that in TiN,., and it increases from 8 at.% to 25 at.% as the
composition of the zirconium nitride varies from ZrNi.oo to

ZrNo.55 •
The H f - B - N system. In the state diagram of the H f - B - N
ternary system, the borides HfB and HfB2 exist in an equilibrium
with the solid solution of nitrogen and boron in a-Hf. The
HfB2-HfN,., HfB 2-BN, and HfB 2 -N equilibria exist in this
system [the latter exists at a nitrogen pressure of more than
0.1 MPa (1 atm)].84 The solubility of boron in the nitride HfN,.
at the lower boundary of the homogeneity region reaches
40-50 at.%. The solubility of nitrogen in HfB and HfB2 is low,
but it is higher than that in the titanium and zirconium borides.
The V - B - N system. The phase equilibria in the V - B - N
ternary system have been studied by Spear et al.85 (Fig. 8a).
No ternary compounds exist in this system, but there are eight
binary compounds including five borides (V3B2, VB, V3B4, V2B3,
and VB2), two vanadium nitrides (V2NV and VN,), and one boron
nitride (BN). At a pressure of nitrogen of 0.1 MPa (1 atm), eight
pseudobinary equilibria are possible in the V —B —N system
depending on the temperature, namely, VB —BN, V3B2 —V2NV,
VB-V2N,., V B - V N , , V3B4-BN, V2B3-BN, VB2-BN, and
VN, - B N . The central three-phase VB + BN + VN,. field exists
a t r < 2010 K, the VB + BN + V3B4 field exists at T < 2180 K,
and the V3B4 + BN + V2B3 and V2B3 + BN + VB2 fields exist at
T < 2290 K.84 Boron is hardly soluble in vanadium nitrides, and
nitrogen is almost insoluble in vanadium borides.
The Nb —B —N system. The phase equilibria in this system have
been studied in a number of works.78-79-86 The Nb — B — N system
is the only one among the boronitride systems of Group V-VIII
transition metals in which ternary compounds have been found.
Rogl et al.79 have constructed an isothermal cross-section through
the Nb —B —N system at 1473 K and a pressure of argon of
1 x 105 Pa (Fig. 8Z>). The phase equilibria in this system involve
three ternary compounds, among which Nb2BN is formed most

V 3 B 2 V B / V 2 B } \
V3B4 VB2

/ NbBN

Nb3B2

NbB2

Nb3B4

Figure 8. Isothermal cross-sections through the M — B — N (M = V, Nb)
ternary systems at 1473 K.
(a) the V —B —N system at a nitrogen pressure of 1 x 105 Pa (dark areas
denote one-phase homogeneity regions);85 (b) the Nb — B — N system at an
argon pressure of 1 x 105 Pa [T = Nb2BN, <Pu is the designation for two
(or more) unknown ternary phases, observed in the BN + Nb2BN + NbB
region].79

easily (at 1473 K). The other two ternary compounds were
observed in the NbB —Nb2BN—BN region. The boronitride
Nb2BN exists in equilibrium with e-NbN, 8-NbN, y-Nb4N3,
BN, and NbB; besides, the niobium nitride |3-Nb2N coexists with
Nb3B2 and NbB; y-Nb4N3 coexists with the boride NbB, and
boron nitride is in equilibrium with e-NbN, Nb3B4, and NbB2.

The crystal structure of only one of the ternary compounds,
Nb2BNi _v, has been determined.78-79 This compound has a very
narrow homogeneity region and the orthorhombic structure of the
Mo2BC type (space group Cmcrn)?% The structure of the boroni-
tride Nb2BN is shown in Fig. 9. The boron atoms are located at
the centres of trigonal prisms formed by six niobium atoms, and

o B
• N

Figure 9. Crystal structure of Nb2BN (the M02BC type, space group
Cmcm).1*



390 A I Gusev

the seventh niobium atom is located at the centre of one of the
square faces of the prism. The nitrogen atoms in Nb2BN occupy
the octahedral interstices of the niobium sublattice. The boron
atoms are joined in zigzag-shaped chains parallel to the c axis; the
N —N and N—B bonds are missing. Similar compounds V2BN
and Ta2BN could not be obtained even by the thermobaric
treatment (pressure 65 x 108 Pa, temperature 1273 K). The bor-
onitride Nb2BN forms limited solid solutions with V and Ta,
Nb2-.vV.vBN (JC « 0.1) and Nb2-.vTa.vBN (x « 0.2). The substitu-
tion of niobium by vanadium or tantalum is accompanied by a
slight decrease in the unit cell volume.
The Ta—B —N system. In this system, boron is insoluble in
nitrides and nitrogen is insoluble in borides.86

The Cr — B—N system. The phase equilibria in ternary systems of
Group VI-VIII transition metals with boron and nitrogen have
not been adequately studied. The Cr — B — N system involves eight
pseudobinary equilibria:47 Cr 4 B-N, Cr 2 B-N, Cr 5B 3 -N,
C r B - N , Cr 3 B 4 -N, CrB 2 -N , CrB 2-BN, and Cr2B5-BN.
Three additional pseudobinary equilibria are possible at a
nitrogen pressure of 0.05 MPa. The CrN — BN equilibrium can
exist at temperatures below 1300K, Cr2N-BN exists from
1300K to 1500K, and the C r - B N equilibrium exists from
1500K to 2000 K. An experimental study has confirmed the
absence of ternary compounds in the Cr—B —N system and has
shown the existence of one more chromium nitride, Cr3N.87 Later
it was shown that at 1873 K and a nitrogen pressure of 0.1 MPa,
the Cr2B-Cr2N, Cr 2 B-N, Cr 5 B 3 -N, and Cr5B3-BN pseudo-
binary equilibria are observed in the Cr—B —N system.29

The W —B—N system. In this system, at a nitrogen pressure of
0.05 MPa, the tungsten borides W2B (at T > 1600K), WB, and
W2B5 exist in equilibrium with nitrogen; a W2B5 — BN pseudo-
binary equilibrium also exists.47 At the same nitrogen pressure, the
W 2 B-BN and W B - B N equilibria as well as the W - B N
equilibrium (at T< 1600K) are also possible. Only binary
compounds are formed in the W—B —N system.87 Boron is
virtually insoluble in tungsten nitrides, and nitrogen is virtually
insoluble in tungsten borides.

The Fe—B—N system. Studies of the phase equilibria in the
Fe — B — N-system87 '88 have shown the presence of binary
compounds Fe2B, FeB, Fe2N (Q, Fe3N (s), Fe4N (•/'), and BN.
Nitrogen is insoluble in iron borides, and boron is insoluble in iron
nitrides.

IV. Phase relationships in the Si-containing
M - B - Si, M - Si - C, and Me - Si - N systems
1. The common type of structures of ternary Si-containing
compounds
The ternary systems of transition metals with boron and silicon
are of interest as refractory materials resistant to the oxidation at
high temperatures. The similarity of the structures of silicides and
borides facilitates their mutual solubility and the formation of
ternary compounds. The phase equilibria in the M —B —Si
systems have been studied.89" 10°

An investigation of doping of high-melting silicides with
boron, carbon, nitrogen, and oxygen89 and some more recent
studies 90 " 92 have shown that in all the M — Si—X systems (M is a
transition metal, X = B, C, N, O) a number of ternary phases are
formed on the basis of the silicides MsSi3, namely, MsSi3X or
MsSi3X2 with hexagonal structure of the MnsSi3 type (X>8g)
and/or M5SiX2 [the Cr5B3 type (cx-Nb5Si3) (J2 — £8,)], and
M5Si2X [the W5Si3 type (|3-Nb5Si3) (7*, — £>8J].

The hexagonal filled structure of the MnsSi3 type (the D8&
structural type, space group P63/mc/n) (Fig. 10) is characteristic
of many transition metal silicoborides, carbosilicides, and silico-
nitrides MsSi3X as well as for aluminocarbides and aluminoni-
trides. It is likely to be the commonest structure of ternary
compounds in the M —X—X' systems being considered. Its unit
cell incorporates two MsSi3X formula units. The transition atom
metals M occupy the 4(d) and 6(g) sites in this structure.

• X
o M

Figure 10. Filled crystal structure of the Mii5Si3 (D&g) type of the ternary
compounds MsSi3X (space group P6}/mcm). Only the transition metal
atoms M at the (t(g) sites and the interstitial nonmetal atoms X at the 2{b)
sites forming the XM6 octahedra are shown. The XM6 octahedra are
linked to one another through two faces and form columns directed along
the [001] axis.

The silicon atoms also occupy the 6(g) sites, but with other
coordinates, and are located within distorted trigonal prisms
constituted by two metal atoms at the (d) sites and four metal
atoms at the (g) sites. The M atoms located at the 6(g) sites form
octahedra; the nonmetal atoms X (C, N, O) can be arranged inside
these octahedra at the 2(6) sites (see Fig. 10). Each XM6

octahedron is joined with two neighbouring octahedra through
its opposite faces; thus, parallel chains of octahedra are formed
along the c axis. An important characteristic feature of the phases
with the £>88 structure is the presence of a broad homogeneity
region, since the interstitial atoms can occupy not all the
octahedra, but only some of them.

The M5Si2X tetragonal phases of the W5Si3 type [P-Nb5Si3,
the DSm(T^) structural type] and M5SiX2 of the Cr5B3

type [a-Nb5Si3, the DS/ (T2) structural type] belong to
the same space group I4/mcm (Dy,) and have very similar
structures. Their unit cells incorporate 4 formula units each,
i.e. 20 metal atoms and 12 nonmetal atoms. A characteristic
feature of the structure of these phases is that the silicon atoms
at the 8(/i) sites are isolated and form the localised Si-Si pairs.
These phases may be regarded as resulting from the substitution
of silicon in the silicides MsSi3 by the X atoms.

It is of interest that the tetragonal silicides MsSi3 are very
sensitive to admixtures of the C, B, N, and O nonmetal atoms;
their introduction leads to the transition to ternary phases with the
MnsSi3 (D&s) type of structure. When this transformation takes
place, the X nonmetal atoms occupy the octahedral interstices of
the metal sublattice, whereas the displaced silicon atoms occupy
the points in the metal sublattice. In the tetragonal silicoborides
MsSi2B (T\), the boron atoms occupy the vacant positions in the
silicon sublattice, whereas the silicon atoms replace some of the
metal atoms in the metal sublattice.

Phases with the D8s structure are stabilised most effectively by
carbon and somewhat less effectively by boron, they are very
slightly stabilised by nitrogen and not at all by oxygen.

2. The ternary M — B — Si silicoboride systems
The ternary phases formed in the M — B — Si systems are presented
in Table 6. Typically, boron possesses substantial initial solubility
in all the MsSi3 phases with the £>8g, D8m, and Z)8/ structures.
The addition of boron to pure silicides leads to an expansion of the
Z>88 lattice caused by the intercalation of boron to the vacant
points of the silicon sublattice and to the compression of the T\
and T2 lattices due to the direct substitution of the silicon atoms by
boron.
The Ti — B—Si system. This system involves four titanium borides
TJ2B, TiB, TiB2, and Ti2Bs and three titanium silicides TisSi3,
TiSi, and TiSi2.8 No reliable experimental data on the tempera-
ture-dependent concentration ranges for the existence of
the borides Ti2B and Ti2Bs have been reported. In all probabil-
ity, the TiB-TiSi, TiB2-TiSi2 , and TiB2-Si (or Ti2B5-Si)



Phase equilibria in the M - X - X ' and M - A l - X ternary systems and crystal chemistry of ternary compounds 391

Table 6. Some ternary compounds in silicoboride systems of Group
IV-VIII transition metals.89 ' 10°

Compound

Ti5Si3(B)
Zr5Si3(B)
Hf5Si3(B)

V5Si3Bo.45
V5SiB2

Nb5Si3B2

Ta5Si3B2

Cr5Si3B
Mo5SiB2

W5(Si,B)3
Mn5SiB2

Fe5SiB2

Fe3Sio.2Bo.8
Fe48Si2B
Co47Si2B
Ni6Si2B

Symmetry

Hexagonal
M

M

It

Tetragonal
Hexagonal
11

i t

Tetragonal
M

n
it

Orthorhombic
Tetragonal
i i

Hexagonal

Type of
structure a

D88

Z>88

D88

£8 8

DUTi)
O88

£>88

Z>88

DZ,(T2)

DS,(T2)
O8,(r2)
DOu
Dim(Ti)
Dim(T,)
C22

Unit cell
parameters/nm

a b

— —

0.7788 -
0.789 -
0.718 -
0.581 -
0.754 -
0.747 -
0.706 -
0.601
0.6047 -
0.561 -
0.554 -
0.446 0.536
0.882 -
0.862 -
0.6105 -

c

—

0.5558
0.556
0.489
1.079
0.525
0.523
0.473
1.103
1.009
1.044
1.032
0.666
0.434
0.425
0.2895

a Z>88 is a filled structure of the MnsSi3 type (space group Pdijmcm),
Z = 2; £>8f(r2) is a structure of the Cr5B3-a-NbsSi3 type (space group
lAjmcm), Z = 4; DO ii is a structure of the Fe3C type (space group Pnma),
Z = 4; D&m(T]) is a structure of the W5Si3 - P-NbsSb type (space group
/4/mcm), Z = 4; C22 is a structure of the Fe2P type (space group P62m),
Z=3.

pseudobinary equilibria exist in the Ti — B — Si system. The
existence of the ternary hexagonal silicoboride Ti5Si3B formed
from TisSi3 via the substitution of a minor portion (~ 1 - 2 at.%)
of the silicon atoms by the boron atoms is also quite probable.
The Z r - B - S i system. The state diagram of the Z r - B - S i
ternary system (Fig. 11) shows eight binary zirconium com-
pounds.93 They include three borides ZrB, ZrB2, and ZrBn and
five silicides Zr2Si, Zr5Si3 (Zr3S2), Zr4Si3, ZrSi, and ZrSi2.
The existence of the boride ZrB at 1623 K is doubtful, because
it is stable only within a narrow temperature range and decom-
poses already at 1500K. In addition, the silicon borides SiB3,
SiB4, and SiB6 are not shown in the diagram. In the zirconium
diboride ZrB2 up to 20 at.% of boron can be substituted by
silicon, i.e. a limited solid solution of ZrSi2 in ZrB2, namely
Zr(B,Si)2, is formed. An important characteristic feature of the
Zr—B — Si system is the presence of the ternary hexagonal
compound ZrsSi3(B) containing from 5 to 8 at.% of boron. The
phase diagram of this system (see Fig. 11) exhibits
ten pseudobinary equilibria, namely, Zr(B,Si)2—Zr, Zr(B,Si)2-

Zr
Zr2Si ZrSi\ ZrSi2

ZrSi + ZrB2 + ZrSi2

Figure 11. Isothermal cross-section through the Zr — B — Si system at
1623 K (dark areas denote one-phase homogeneity regions).93

ZrSi, Zr(B,Si)2-Zr5Si3(B), Zr(B,Si)2-ZrSi2, Zr(B,Si)2-Si,
Zr5Si3(B)-Zr, Zr5Si3(B)-Zr2Si, Zr5Si3(B)-Zr3Si2, Zr5Si3(B)-
Zr4Si3, and ZrsSi3(B)-ZrSi. In all probability, three more
pseudobinary equilibria of Z(B,Si)2 with the silicon borides SiB3,
S1B4, and SiB6 also exist.
The Hf—B—Si system. This system includes the borides HfB and
HfB2, the silicides HfsSi3, HfSi, and HfSi2, and compound
HfsSi3(B) with a minor (2-3 at.%) content of boron, which
substitutes silicon.8

The V - B - S i system. The V - B - S i ternary system has been
studied.90'91 Kudielka et al.90 suggested a scheme for the
triangulation of the V angle (V—VB —VSi) of the state diagram
of the V — B — Si system, which incorporates two ternary com-
pounds, namely, VsSi3Bo.45 with a hexagonal lattice and V5SiB2

(the T2 type) with a tetragonal lattice (see Table 6). The former of
these compounds crystallises with the D8& structural type and is
formed via partial substitution of the silicon atoms in the silicide
VsSi3 by boron atoms. Six pseudobinary equilibria exist in the
system, namely, V2B-V5SiB2, VB-V5SiB2, V3Si-V5SiB2,
V5Si3Bo.45-V5SiB2, V3Si-V5Si3Bo.45, and V5Si-V5Si3Bo.45.
One may expect that six more pseudobinary equilibria,
VB-V5Si3B0.45, VSi2-V5Si3Bo.45, VB-VSi2 , V3B4-VSi2,
VB2-VSi2, and VB2-Si, will be found.

The N b - B - S i system. The state diagram of the N b - B - S i
system has been studied rather comprehensively.92 This system
incorporates ten binary compounds (the niobium borides Nb3B2,
NbB, Nb3B4, and NbB2, the niobium silicides Nb4Si, Nb5Si3, and
NbSi2, and the silicon borides SiB3, SiB4, and S1B6) and two
ternary compounds based on NbsSi3, namely, NbsSi3B with the
Z)88 structure and NbsSiB2 with the Z)8/ structure. Both ternary
compounds have fairly extended homogeneity regions, and the
nonmetal sublattice of these silicoborides can contain a substan-
tial number of vacancies, apart from the boron and silicon atoms.
The boride NbB2 which has a homogeneity region can dissolve up
to 2 at.% of silicon.
The Ta — B—Si system. The phase diagram of state of the
Ta —B —Si ternary system has been studied.90-94 It is very similar
to the state diagram of the Nb — B — Si system, but differs from it
by the greater numbers of binary compounds (twelve) and ternary
compounds (three). Two ternary phases (of the D8s and T2 types)
are based on the silicide TasSi3 and the third one is based on Ta2Si.
The Cr — B — Si system. This system contains six chromium
borides, four chromium silicides, and two ternary phases with
the DSs and T\ structures; the phase with the T2 structure is a
limited solid solution of silicon in the boride CrsB3.95 The CrsSi3B
ternary phase (the D&g type) (see Table 6) has virtually no
homogeneity region.
The Mo—B—Si system. The phase equilibria in this system
(Fig. 12a) have been studied in a number of works.9196-97 The
state diagram of the Mo —B —Si system is simpler than the
analogous diagram for the system containing chromium, since it
incorporates a smaller number of binary compounds. There are
two ternary phases with structures of the T\ and T2 types, but the
ternary phase with the D8& type of structure is missing. It has been
shown that silicon is insoluble in the molybdenum borides Mo2B,
MoB, M02B5, and boron does not dissolve in MoSi2.97

The W —B —Si system. Two ternary phases exist in this system:
W,oSi3B3 [W5(Si,B)3] with the T2 type of structure and W5Si2B
with the T{ type of structure (Fig. 12Z>).91

The Mn —B—Si system. In the Mn —B —Si system, the ternary
compound MnsSiB2 with the tetragonal structure of the Tr type
(see Table 6) existing in an equilibrium with the hexagonal silicide
MnsSi3 has been found.99

The Fe —B —Si system. The phase equilibria in this system have
been studied in detail in the Fe-angle of the state diagram.98-99

Four ternary phases were discovered, namely, FesSiB2 with the
structure of the T2 type and with a small homogeneity region
formed on the B «-» Si mutual substitution; Fe4.sSi2B with the T\
type of structure; Fe3(Si,B) (with the composition Fe3Sio.2Bo.s)
with the cementite Fe3C structure and with a small homogeneity
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Mo2B5

(M0B2)

MoB

Mo2B

WSi2 -»Si

Figure 12. Isothermal cross-sections through the Mo —B —Si system at
1873 K (a) and through the W - B - S i system at 2073 K (b); dark areas
denote one-phase homogeneity regions.91

Fe2B

FeB FeSi

Figure 13. State diagram and isothermal cross-section for the Fe — B — Si
system at 1273 K; dark spots denote one-phase regions, two-phase regions
are cross-hatched).99

(a) a cross-section in the silicoboride region with iron contents ranging
from 50 to 70 at.%; (b) the contours of the state diagram for the whole
Fe — B — Si ternary system.

region; and Fe2(Si,B) (with the composition Fe2Sio.4Bo.6X the
structure of which is unknown (Fig. 13). It was found that a
minor amount of boron can be dissolved in FesSi3. The other
binary iron borides and silicides are absolutely insoluble in one
another.
The Co — B — Si system. Only one ternary phase Co4.7Si2B with the
T, type of structure and a small homogeneity region is formed in
this system. It exists in an equilibrium with the cobalt borides CoB
and C02B and with the cobalt silicides CoSi and Co2Si; in
addition, there are the CoB — CoSi and C02B—Co2Si pseudobin-
ary equilibria.98

The Ni —B —Si system. The ternary compound Ni6Si2B with a
hexagonal structure of the C22 type, isomorphous to the
phosphides Mn2P, Fe2P, and Ni2P, has been found in this system
(see Table 6).

3. The M — Si—C ternary carbosilicide systems
The atomic radius of carbon is small (~ 0.077 nm); therefore,
carbon always acts as the interstitial element in compounds with
transition metals and is located in the interstices of the metal
sublattice. Silicon, which is an analogue of carbon in the Periodic
System, has a substantially larger atomic radius, equal to
~0.117nm. In compounds with Group IV and V transition
metals, the atoms of which are fairly large, silicon can act as an
interstitial element; silicides of other transition metals occupy an
intermediate position between interstitial compounds and inter-
metallic compounds. Thus, silicon can enter into the metal lattice
either as an interstitial element or as a substituting element. The
same dual behaviour of silicon is exhibited in transition metal
carbosilicides.

The ternary hexagonal phases of the MsSi3(C) type, similar to
the MsSi3(B) silicoboride ternary phases with the filled structure
of the MnsSia type (D8s) are characteristic of the majority of the
M —Si —C systems. The main ternary carbosilicide phases are

Table 7. Some ternary compounds in carbosilicide systems of Group
IV-VIII transition metals.

Compound

Ti5Si3Cv

Ti3SiC2
a

Zr5Si3C*
V5S13C.,

Nb5Si3C.T

Ta4.sSi3Co.5
Cr5_.vSi3_vCv

(0.25 < x <
Mo5_.vSi3-vC

Mo4.8Si3Co.6
MosSi3C
W5-.vSi3-,.Rb

U3Si2C3
c

U20Sii6C3
c

U3Si2Cv
c

Mn5Si3C,
Mn8Si2C
Mn5SiC

Unit cell parameters / nm

a b

_ _

0.3064-0.3068 -
0.7914-0.7909 -
0.7135
0.7536
0.7494

+ v 0.6993
Cv 0.6980-0.6983 -
1.05)
,+y 0.7285

0.7286
0.7303
0.7205
0.3598 0.3535
1.0385
0.7306
0.6915
_ —
_ _

c

1.7646-1.7669
0.5559-0.5579
0.4842
0.5249
0.5242
0.4726
0.4726-0.4737

0.5030
0.5046
0.5057
0.4850
1.896
0.8013
0.3901-0.3942
0.4823
—
_

Ref.

89,
101-103
104-106
89, 107
107
107
108
109
110

109
111
112
109
113,114
113,115
116
117
117
117

Note. All the ternary compounds listed in the Table, except for Mn8Si2C
and Mn5SiC (the structures of which are unknown), Ti3SiC2, and uranium
ternary phases, have hexagonal filled structure of the Mn5Si3 (08s) type
with space group P6}/mcm, Z = 2. a This compound crystallises with a
hexagonal structure and with space group P6i/mmc, Z = 2.
b R = (C,N,O)., + , . c U3Si2C3 has the orthorhombic symmetry, Z = 2;
U2oSii6Si3 crystallises with the hexagonal symmetry, Z = 1; U3Si2Cv is a
tetragonal (space group P4/mbm) solid solution of carbon in U3Si2,
Z = 2.
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listed in Table 7. The phase diagrams for a number of M - Si - C
ternary systems have been surveyed.101 ~l03

a. Carbosilicides of Group I V - V I transition metals
The Ti —Si —C system. The kinetics and thermodynamics of the
reactions of titanium silicides with carbon were studied for the
first time by Kudielka et al.90 They found that the titanium
carbide TiQ. exists in equilibrium with the silicon carbide SiC
and the titanium silicides TisSi3, TiSi, and TiSi2, whereas SiC is in
equilibrium with TiSi2. It has been shown89 that the addition of
carbon stabilizes the TisSia hexagonal phase and leads to the
formation of a ternary phase TisSijC*, which contains101 up to
11 at.% of carbon. The TisSisC phase belongs to the group of
ternary silicoborides and carbosilicides MsSisX with the hexago-
nal structure of the D&s type. The Ti — Si — C system includes one
more ternary compound, Ti3SiC2, with a hexagonal structure
(space group P6^jmmc) (Fig. 14). 101-103 j n t m s compound, the
carbon atoms occupy the octahedral vacancies in the octahedra
formed by the titanium atoms. Each CTi6 octahedron is joined to
the neighbouring octahedra through its nine edges in such a way
that one octahedral layer is superimposed onto another (see
Fig. 146). A half of all the titanium atoms are located in the
middle of the double octahedral layer and each of these atoms is
shared by six octahedra. The remaining titanium atoms are
located on the upper and lower surfaces of the double octahedral
layer, and each of them is shared by three neighbouring octahedra.
The chemical formula of the double octahedral layer is Ti3C2. The
octahedral layers contain open and closed tetragonal interstices,
the open tetragonal vacancies of one double octahedral layer
being located over the same vacancies of another double octahe-
dral layer. The silicon atoms are arranged halfway between the
centres of the tetrahedral vacancies of the neighbouring double
octahedral layers and also constitute a layer.

® Ti
O Si
• C

Figure 14. Crystal structure of the titanium carbosilicide TiaSiC2.
(a) unit cell (space group Pbilmmc) with distinct CTi6 octahedra; (b) the
double layer of the CTi6 octahedra joined via nine edges; the silicon atoms
are arranged over the centres of the open tetrahedral vacancies.

The carbosilicide Ti3SiC2 exists in equilibrium with the
carbides TiC,. and SiC, with the disilicide TiSi2, and with the
TisSisC ternary phase. The phase equilibria in the Ti —Si —C
system at 1373 K and 1523 K have been studied.118''19 The ternary
compounds and multiphase materials present in the Ti —Si —C
system have been investigated by Auger spectroscopy.120 The
isothermal cross-sections through the Ti —Si —C system at
1473K121 and 1523K118-119 are very similar. At a lower
temperature of 1373K, titanium silicide T\T,SI appears. It exists

in equilibrium with TisSisC and with the solid solution of Si and C
in P-Ti.

A schematic phase diagram for the Ti — Si — C system, which
does not take into account the actual existing ternary phases has
been reported.122

The compatibility of phases in the Ti — Si — C system at
1473 -1773 K has been studied under the conditions of confining
compression at a pressure of (1 -2) x 108 Pa.123 At high pres-
sures, the titanium silicide T\->S>\ becomes stable and dissolves up to
9 at.% of carbon (without external pressure, Ti3Si decomposes at
the same temperatures to give TiCy, TisSi3, and a solid solution of
silicon and carbon in titanium). It is of interest that at high
pressures carbon is insoluble in the silicide TisSi3, although under
ambient conditions the solubility of carbon in this compound
reaches 11 at.%.
The Zr —Si —C system. The first scheme for the triangulation of
the phase diagram for the Zr—Si —C ternary system has been
suggested by Brewer and Krikorian.108 According to the data
obtained by Nowotny et al.,89 the silicide ZrsSi3 dissolves a
substantial amount of carbon to give the ZrsSisQv ternary phase.
The Zr—Si — C system incorporates seven binary compounds
(the carbides ZrCy and SiC and the silicides Zr2Si,

i2), ZrsSi,), ZrSi, and ZrSi2) and one ternary phase
*. The silicon carbide exists in equilibrium with ZrC,.,

ZrSi2, and ZrSi, whereas the zirconium carbide ZrCv is in
equilibrium with SiC, ZrSi, Zr2Si, and Zr5Si3C^.101 Pseudobinary
equilibria connect the ternary phase also to the silicides Zr2Si,
Zr5Si3(Zr3Si2), ZrsSi4, and ZrSi. The isothermal cross-section at
1573 K through the Zr - Si - C ternary system has been studied.124

The Hf— Si — C system. According to a number of studies, 101~103

the phase diagrams for this system and for the system discussed
above are similar. The existing differences are due to the fact that
the hafnium carbide HfC,, is in equilibrium with HfSi2; therefore,
the SiC — HfSi pseudobinary equilibrium is missing. Taking into
account the data on the stabilisation by carbon of hexagonal
phases with the MnsSi3 type of structure (Z>88) and also the
similarity of the phase diagrams for Hf—Si —C and Zr — Si — C,
one may assume that the Hf- Si — C system contains a HfsSisC v

ternary phase.

The V - S i - C system. In the V - C , N b - C , and T a - C binary
systems, rhombohedral ^-phases of the composition M4C3 are
formed in narrow concentration and temperature intervals
(1200K < T< 1800K).125126 The carbides ^-M4C3 cannot be
isolated as individual phases, therefore equilibria involving these
compounds are not discussed in the ternary carbosilicide systems
of vanadium, niobium, and tantalum. Vanadium forms three
silicides, namely, V3Si, VsSi3, and VSi2. The dissolution of up to
10 at.% of carbon in VsSi3 leads to the formation of the VsSisC^
ternary phase.101'107 It exists in an equilibrium with the carbides
SiC and WCy and with the silicides VsSi3 and VSi2. In addition,
five pseudobinary equilibria, SiV - VS2, SiV - VC,,, VC, - V5Si3,
V2Cy - V5Si3, and V2CV - V3Si, exist in the V - Si - C system. The
phase diagrams for the V-Si —C ternary system have been
reported.122-127

The Nb —Si —C system. In this system, the carbide NbC, is in
equilibrium with two silicides NbSi2 and NbsSi3, with the silicon
carbide SiC,101'108 and with the Nb5Si3Cv ternary phase.107 The
quantity of carbon dissolved in the NbsSisQv phase is likely to be
less than that dissolved in the analogous V5Si3C.x phase. The
Nb5Si3CT ternary phase is in equilibrium with NbC,. and with the
niobium silicides NbSi2 and NbsSi3, whereas the carbides SiC and
Nb2Cy are in equilibrium with NbSi2 and NbsSi3, respectively.
The phase diagram for the Nb-Si —C ternary system has been
reported by Brukl.121

The Ta —Si —C system. The phase equilibria in this system have
been studied repeatedly.89' 101,108,127 j n e isothermal cross-sec-
tions through the phase diagram of the Ta —Si —C system at
1273 K,127 1823 K,89 and 1873 K89 are virtually identical. All the
workers noted that the TasSi3C.x (Ta^gSisCo.s) ternary phase with
the hexagonal structure of the MnsSi3 type (D8g) exists in this
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system.108 This phase is isomorphous to the hexagonal silicide
TasSi3 stabilised by carbon (the pure silicide Ta5Si3 has a
tetragonal structure) and forms a continuous series of solid
solutions with it. The TasSi3Cx phase is in an equilibrium with
the carbides TaC,, and iniCy and with the silicides Ta2Si, TasSi3,
and TaSi2- The system also includes five pseudobinary equilibria:
SiC-TaSi2 , S iC-TaC y , TaC y-TaSi 2 , Ta2C r-Ta2Si, and
Ta2C^,-Ta3Si.
The Cr - Si - C system. At 1673 K, eight binary compounds (SiC,
Cr3C2, Cr7C3> Cr23C6, CrSi2, CrSi, Cr5Si3, and Cr3Si),U0 the
CrsSi3Cx ternary phase having a homogeneity region,109'110 a
solid solution of silicon in chromium Cr(Si), and a substitution
solid solution based on the silicide Cr3Si exist in this system. The
CrsSi3Cx ternary phase has the hexagonal structure of the D&$
type and exists in an equilibrium with silicon carbide SiC,
chromium carbides Cr3C2 and Cr7C3, chromium silicides CrSi
and CrsSi3, and the substitution solid solution based on Cr3Si.
The solid solution based on Cr3Si exists in equilibrium with the
carbides Cr7C3 and Cr23C6 and with the solid solution of silicon in
chromium Cr(Si). In addition, there are four equilibria, namely,
SiC-CrSi2 , SiC-CrSi, SiC-Cr 3C 2 , and Cr23C6-Cr(Si). The
diagram of the phase equilibria in the Cr—Si — C system has been
reported.122

Parthe et al.109 believed that the Cr5Si3Cx ternary phase results
from the substitution of chromium and silicon atoms by carbon.
However, later it was shown n o that the unit cell parameters and
the unit cell volume of the Crs±o.2Si3±o.iCx ternary phase
(0.25 < x < 1.05) increase with an increase in x. This means that
the carbon atoms do not replace Cr or Si atoms, as was believed
previously,109 but are located in the vacant octahedral interstices
of the structure of the D%% type of this compound. Evidence that
the carbon atoms fill the octahedral interstices of the metallic
sublattice of the MsSi3C.v phases with the D9>& type of structure has
also been obtained in another study.'' '
The Mo — Si — C system. The first variant of the phase diagram for
the Mo — Si — C ternary system has been suggested by Brewer and
Krikorian.108 This diagram reflects fairly adequately all the
characteristic features of this system including the existence of a
stable ternary hexagonal compound with an extended homoge-
neity region and a temperature of congruent melting of ~ 2340 K.
The composition Mo4$>i3C has been suggested for this compound.
This ternary compound exists in equilibrium with carbon, with the
carbides SiC, MoC;. (Mo3C2), and Mo2C, and with the silicides
MoSi2 and Mo5Si3 (Mo3Si2); SiC is in equilibrium with MoSi2,
and M02C is in equilibrium with M05S13 (Mo3C2) and Mo3Si.128

It has been shown 112 that the ternary molybdenum carbosili-
cide has the stoichiometric composition MosSi3C and belongs to
the M5Si3X type of ternary hexagonal phases common for the
M — Si — X systems (X = B, C, N); the homogeneity region of
Mo5Si3C is much narrower than has been found by Nowotny
et al.128 The isothermal cross-section through the Mo —Si —C
system at 1473 K has been reported.112 According to this study, at
1473 K, the silicon carbide SiC exists in equilibrium with MosSi3,
and the MoSi2 — Mo5Si3Cx pseudobinary equilibrium is absent.

The reason for the discrepancies between the results obtained
by Van Loo et al.112 and Nowotny et al.128 concerning these
pseudobinary equilibria can be elucidated by additional investiga-
tions of the phase relationships in the Mo —Si —C system. The
isothermal cross-section through the Mo — Si — C system at
1873 K128 virtually coincides with the cross-section at 1673 K
reported by Spear et al.85

It has been suggested109 that the carbon atoms in the ternary
molybdenum carbosilicide Mo5_xSi3_yCx + y substitute the
molybdenum and silicon atoms; however, it has been shown in
another study' ' : that such a substitution does not occur, and the
carbon atoms are located in the octahedral interstices formed by
the molybdenum atoms.
The W —Si —C system. In this system, no ternary compounds
exist;108 however, when a minor amount of nitrogen or oxygen is
present, a quasi-ternary hexagonal phase W5_xSi3_>,(C,N,O)x + y

arises.109 In the absence of nitrogen or oxygen admixtures, the
pseudobinary equilibria existing in the W —Si —C system at
2073 K involve only binary compounds: SiC—WSi2,
SiC-W5Si3, SiC-WC, WC-W 5Si 3 , and W2C-W5Si3.49

The conclusion reached by Parthe et al.109 that the tungsten and
silicon atoms in the ternary phase have been substituted by
interstitial atoms (C, N, O) was erroneous, since the carbon and
nitrogen atoms in the compounds MsSi3X with the D88 structure
behave as interstitial elements and are arranged in octahedral
interstices formed by the metal atoms.n ° - ' n

The U —Si—C system. The phase equilibria in this system at
1000-1773K under an argon atmosphere have been investi-
gated.113 Two ternary compounds U3Si2C3 and U2oSiigC3 with
orthorhombic and hexagonal crystal lattices, respectively, have
been found in the U - Si - C system (see Table 7). '1 4- ' '5 It has also
been shown'13 ' ' I6 that the silicide U3Si2 dissolves up to 4 at.% of
carbon thus forming the U3Si2Cx interstitial solid solution. At
HOOK (Fig. 15) the ternary compound U3Si2C3 exists in the
U — Si — C system in equilibrium with UC, SiC, and U3Si5; SiC is
in equilibrium with U2C3, UC, U3Si5, USi2, and USi3; UC
coexists with U3Si, U3Si2Cx, U2oSii6C3, and U3Sis; the carbosi-
licide U2oSii6C3 coexists with U3Si2Cx, USi, and U3Si5; and U3Si
exists in equilibrium with U3Si2Cx.

SiC

USi3 U 3 S i 5 \

USi2 U3Si2

Figure 15. Isothermal cross-section through the U —Si —C system at
HOOK (the dark area denotes the homogeneity region of the
solid solution)."3

Later the phase equilibria in the alloys with large proportions
of uranium have been studied at 1023-1223 K.116 At tempera-
tures below 1090K, the phase equilibria in the U - U C - U S i
region were the same as those in the diagram shown in Fig. 15. At
1100-1150K, the UC —U3Si pseudobinary equilibrium disap-
pears and the U —U3Si2Cx equilibrium appears instead and, at
temperatures above 1200K, the silicide U3Si and the
U3Si-U3Si2Cx equilibrium do not exist.116-129 According to the
data obtained by Guinet et al.,116 the solubility of carbon in U3Si2

reaches 4 at.%. On the dissolution of carbon, the c parameter of
the unit cell of U3Si2 increases by 0.0042 nm thus becoming equal
to 0.3942 nm. The maximum solubility of carbon in the U3Si
silicide at 1083 K is 0.15 at.%. 13°

b. Carbosilicides of Group VII and VIII transition metals
The Mn—Si —C system. The phase diagram for this system
(Fig. 16a), in addition to eight binary compounds, contains the
Mn5Si3Cx ternary phase (a solid solution of carbon in MnsSi3),
Mn8Si2C, and MnsSiC.101"103 Silicon carbide exists in equilib-
rium with the silicides MnisSi26 and MnSi, with the MnsSi3Cx and
MngSi2C ternary phases, and perhaps with MnsSiC. The unit cell
parameters of the MnsSi3Cx ternary phase are larger than the
corresponding unit cell parameters of MnsSi3;107 this implies that
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the carbon atoms are located in the octahedral interstices formed
by the manganese atoms. The Mn5Si3C.v hexagonal phase with a
structure of the Z)8g type is in equilibrium with MnSi, MnsSi3,
MnjSi, Mn9Si2, and MngSi2C; and the MnsSi2C phase coexists
with Mn9Si2. The pseudobinary equilibria involving the MnjSiC
ternary phase are given hypothetically. The scheme of phase
equilibria in the Mn —Si—C system have been reported by
Lyakishevet al.122

The Re—Si —C system. This system contains no ternary
phases.101"103-131 The scheme of triangulation of the phase
diagram of the Re —Si —C system at 1873 K suggested by Searcy
and Finnie131 involves four pseudobinary equilibria of the silicon
carbide SiC with rhenium and three rhenium silicides. Figure 16*
presents the isothermal cross-section through this system at
1273 K constructed using published data;101"103 rhenium sili-
cides are in equilibrium with carbon, and SiC coexists with ReSi2.

Jeitschko et al.,117 who have studied the phase equilibria in the
M — Ga — C and M — Ge — C systems, also have paid attention to
the M - S i - C systems (M = Mn, Re, Fe). In the R e - S i - C
system they discovered a ternary phase containing 45 at.% Re,
40 at.% Si, and 15 at.% C; the structure of this phase was not
determined. There is no other evidence in support of the existence
of a ternary phase in this system.

The Fe — Si — C system. The phase relationships in the Fe — Si — C
system have been considered in many studies, because they are
related to the problems of the production of cast iron, steel,
various iron-based alloys, and refractory materials. The equilib-
rium and nonequilibrium phase transformations in the Fe —C
system become substantially more complicated on the addition of
silicon, since the silicon atom is much larger than the carbon atom.

When silicon substitutes iron, the ferrite solid solution is
stabilised and the y-region (solid solution of C and Si in Fe)
narrows. At the same time this substitution promotes decomposi-
tion and graphitisation of the cementite Fe3C. In all probability,
the Fe —Si —C system contains no stable ternary phase. The
information concerning ternary iron carbosilicides (for example,
a ternary phase of an Unknown composition of the type of the
Nowotny phase with the Z>8s structure has been observed in this
system;117 and the carbosilicide FeioSi2C3 containing about
9 mass % of silicon has been mentioned in a monograph 8) refers
most probably to a metastable phase. It is even possible that there
are several metastable phases in which silicon substitutes either
iron [(Fe,Si)3C] or carbon [Fe3(C,Si)J. The formation of a ternary
metastable phase based on austenite also cannot be ruled out.

No stable ternary phases have also been found in the recent
studies of the phase diagram of the F e - S i - C ternary system at
1123 K132 and 1243 K.101 -103 At temperatures below 1100 K (the
temperature of the decomposition of the FesSi3 high-temperature
phase) silicon carbide exists in equilibrium with the silicides FeSi2,
FeSi, and Fe3Si. Above this temperature the equilibrium silicide
FesSi3 with a hexagonal structure of the D8$ type appears in this
system, and silicon carbide is in equilibrium with the disilicide
FeSi2+.r having a homogeneity region and with the silicides FeSi
and FesSis [according to a study by Schuster,101 instead of the
SiC-FeSi2+.r equilibrium, two equilibria exist, SiC —Fe2Sis and
SiC — FeSi2(h)]. The silicides FesSi3 and Fe3Si as well as ot-Fe and
y-Fe are in equilibrium with carbon. The isothermal cross-section
through the Fe — Si — C system at 1243 K is presented in Fig. 16c.
The scheme of the main phase equilibria in this system have been
reported by Lyakishev et al.122

MnSi

-». Mn(at.%)

Si 20 ReSi2 Rei7Si9

— » Re (at.%)

Re Si 20

FeSi2(h)
(Fe5Si2)

FeSi \ Fe3Si a-Fe
\ Fe5Si3

FeSi2(r)

—•• Fe(at.%)

Si 20 CoSi2 CoSi Co2Si \ Co

—»• Co (at.%) E ' a -C o

Figure 16. Isothermal cross-section through the M —Si —C ternary sys-
tems of Group VII and VIII transition metals.
(a) the Mn - Si - C system at 1273 K;
(b) the Re - Si - C system at 1273 K;
(c) the Fe - Si - C system at 1243 K [FeSi2( h), FeSi2<r) are hexagonal and
orthorhombic phases; the dark area denotes the homogeneity region of the
Y-Fe(Si.C) solid solution];
(d) is the Co - Si - C system at 1273 K.
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SiC SiC

Rh2Si

Si OsSi2 \ Os2Si3 Os

OsSi

SiC

Si P d S i / / L Pd

Pd2Si Pd3Si

SiC

Si IrSi3 Si
IrSi2 IrSi Ir2Si Ir3Si

Pt

Pti2Si5 Pt3Si

Figure 17. State diagrams for platinum group metal-silicon-carbon ternary systems, dark areas denote the regions of the existence of a liquid
phase.103-131

Two metastable cubic phases of an unknown composition
have been discovered in the Fe —Si—C system under the condi-
tions of rapid cooling; the unit cell of one of these phases belongs
to the P4\32 or /M332 space group and has the period
a = 0.63 nm, and the second metastable phase has a body-
centred cubic (Bcc) lattice with the period a = 0.89 nm.133

The Co—Si —C system. There are hardly any stable ternary
phases in the Co — Si — C system. The silicon carbide SiC is in an
equilibrium with the silicides CoSi2 and CoSi, whereas carbon
coexists with CoSi, Co2Si, and with the extended solid solution of
silicon in cobalt (Fig. 16fif).10'-103

The N i - S i - C system. The phase diagram for the N i - S i - C
system has been studied and constructed at 1123K132 and
1423 K.134 No ternary compounds were found. At 1123K, the
silicon carbide SiC is in equilibrium with four silicides: NiSi2,
NiSi, Ni3Si2, and Ni2Si, whereas Ni2Si, Ni5Si2 (Ni31Sii2), Ni3Si,
and the solid solution of silicon and carbon in nickel Ni(Si,C) are
in equilibrium with carbon. At 1423 K the S iC-Ni 2 Si -C three-
phase region is still retained. At higher temperatures the silicides
NisSi2 and Ni3Si no longer exist, and Ni2Si coexists directly with
the Ni(Si,C) solid solution and also with carbon and SiC.

On rapid cooling, the Ni67.5Sin.5C15 nonequilibrium ordered
Bcc phase with the period a = 0.2744 nm containing 4 at.% of
carbon and 15-21 at.% of silicon is formed in the Ni —Si —C
system.135

(Ru,Rh,Pd,Os,Ir,Pt)-Si-C systems. The phase equilibria in the
M - Si - C systems (M = Ru, Rh, Pd, Os, Ir, Pt) have been studied
by Searcy and Finnie131 and have been refined later by
Schuster103 (Fig. 17). The platinum-group metals do not form
carbides, and no stable ternary compounds of these meals with
silicon and carbon exist; thus, only equilibria between carbon and
silicon carbide on the one hand, and platinum metal silicides on
the other hand, are possible in the (Ru, Rh, Pd, Os, Ir, Pt) - Si - C
systems.

The SiC —MSi —C three-phase regions exist at 1613 K in the
Ru - Si - C system, at 1443 K in the Rh - Si - C system, at 1100 K
in the Pd - Si - C system, and at 1613 K in the Ir - Si - C system.
The silicides with the highest proportions of silicon are in
equilibrium with SiC, and the silicides with high proportions of
metal coexist with carbon. In the Rh — Si — C system, the Rh2SiC
unstable ternary phase can be formed in the temperature range
1770 -1870 K, whereas in the Pt - Si - C system, the formation of
the Pt3(Si2-.xCx) phase is possible. In more recent papers these
phases have not been mentioned. According to the data reported
by Chou,136 in the Pt - Si - C system at 1073 K silicon carbide SiC
exists in an equiibrium with all the platinum silicides, and carbon
coexists with Pt3Si, i.e. the phase equilibria differ from those
reported by Searcy and Finnie 131 (see Fig. 17).

4. The M — Si — N ternary siliconitride systems
The ceramics based on silicon nitride Si3N4 preserve their high
hardness, wear resistance, and strength up to high temperatures,
which accounts for its wide industrial application. The composite
ceramic materials based on silicon nitride usually also contain a
metallic component. This has necessitated the investigation of the
phase equilibria in the M — Si — N ternary systems formed by the
transition metal M, silicon, and nitrogen. The studies on the
M — Si — N ternary systems have been surveyed in a monograph.80

The ternary phases formed in the M — Si — N systems are few
in number, as in the M —Si —C carbosilicide systems. As a rule,
these are MsSi3Nx phases with a filled structure of the MnsSi3 type
(£>8g). Ternary phases with a different crystal structure are present
in the siliconitride systems of some lanthanides and manganese.
The structural characteristics of the ternary phases formed in the
M — Si — N systems are presented in Table 8.

a. Siliconitrid.es of Group III transition metals
Based on the classification of the M — Si binary systems (M = Sc,
Y, La -» Lu) in terms of their composition and the crystal
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Table 8. Some ternary phases in siliconitride systems of Group III-VII transition metals.

Compound

LaSi3N5

Sm3Si6Nn
Ho5Si3NT

(0 < x < 0.4)

TisSijN,
( 0 < . r ^ 1.0)

Zr5Si3Nv

(0.1 *Sx<0.3)
Hf5Si3Nr

(x<0.1)

V5Si3Nr

(0.2^x^1.0)
Nb5Si3N.r

(.r < 0.3)
Ta5Si3Nv

(0 .3<x«1 .2)

MnSiN2

MnSiN2

a Hexagonal (space

Symmetry and

type of structure

Orthorhombic
Tetragonal
Hexagonal"

(a solid solution of
nitrogen in HosSi3)

Hexagonala

(a solid solution of
nitrogen in TisSh)

Hexagonala

Hexagonal phase a,
stabilised
by nitrogen

Hexagonala

it

it

Orthorhombic
i i

group P6}/mcm) M5Si3N,

Space

group

«i2,2,
-

P6}/mcm

P6}/mcm

Pf>ijmcm

Pdijmcm

Pdijmcm

Pbijmcm

Pbilmcm

Pna2\
Pna2\

phases, among which
(M = Ho, Ti), have the filled structure of the Mn5Si3 (Z)88) type, Z = 2.

Z

4
4
2

2

2

2

2

2

2

4
4

there

Unit cell parameters/ nm

a b

0.7838 1.1236
0.9993
0.8356-0.8324

- -

0.7949

0.7801

0.7121

0.7517

0.7501

0.5248 0.6511
0.5266-0.5268 0.6522-0.6521

are ternary compounds (M = Zr, Hf,

c

0.4807
0.4836
0.6273-0.6477

-

0.5573

0.5523

0.4847

0.5249-0.5310

0.5229-0.5246

0.5070
0.5074-0.5069

V, Nb, Ta) and solid

Ref.

137, 138
139
140

119

89, 141

141, 142

89, 141

89, 108,
141
89, 108,
141

143,144
145

solutions

structure of the silicides formed, Weitzer et al.140 have divided the
M —Si —N ternary siliconitride systems into three groups: (1)
(La,Ce,Pr,Nd)-Si-N; (2) (Sm,Gd,Tb,Dy,Ho,Er,Y)-Si-N;
and (3) (Tm,Yb,Lu,Sc)-Si-N. They chose one M - S i - N
ternary system from each group and studied the phase equilibria
in it assuming that the phase equilibria in all the siliconitride
systems of the same group are similar. This assumption is true
only within certain limits: for example, no ternary compounds
were found in the C e - S i - N system (the first group) or in the
Ho —Si —N system (the second group), but ternary compounds
LaSijNs and SnuSisNuwere discovered in the La —Si —N and
Sm — Si — N systems, which belong to the same groups (see
Table 8).139 Thus, the phase equilibria in the M - S i - N ternary
systems of the same group are not entirely similar.
The S c - S i - N system. The isothermal cross-sections through
this system at 1073 K and 1273 K have been reported140

(Fig. \%a,b). No ternary compounds were found in this system.
At 1073 K only two scandium silicides ScSi and ScsSi3 are stable.
The scandium silicides, silicon, and the silicon nitride SisN4 exist
in equilibrium with the scandium nitride ScN. At 1273 K one more
stable silicide appears, namely, ScSi2-x(Sc3Si5), which coexists
with silicon nitride and scandium nitride; ScN is also in
equilibrium with SijN4, ScSi, and ScsSi3.
The Ce —Si —N system. In the absence of external nitrogen
pressure the Ce — Si — N system contains no ternary compounds
at 1273 K.140 The cerium nitride CeN exists in equilibrium with

and six cerium silicides — CeSi2, CeSi2-x, CeSi, CesSi4,
2, and CesSi3; the silicon nitride Si3N4 exists in equilibrium

with CeSi2 (Fig. 18c). The solubility of a third component in the
binary phases is negligibly small.
The Ho—Si —N system. Based on an X-ray diffraction study and
a metallographic study and on the determination of the melting
points, Weitzer et al.140 have constructed the phase diagram of the
Ho —Si binary system. In this system, they detected all of the six
known holmium silicides. The holmium disilicide HoSi2 melts
incongruently at 2153 K, whereas HoSi2-.x and HoSi melt
congruently at temperatures above 2260 K. In the Ho —Si alloys
containing less than 50 at.% Ho, HoSi has a structure of the FeB
(527) type; in the alloys containing more than 50 at.% Ho, the

HoSi modification with a structure of the CrB {Bf, 533) type
predominates. The HosSi4 phase melts incongruently at
T> 2120K, and in the 1870K > T> 1270K range it decom-

Si3N4 Si3N4

ScN

Si ScSi Sc5Si3 Sc Si ScSi2-, \ Sc5Si3

ScSi
c d

N

Sc

Si3N4

HoN

CeSi2/CeSi ^ s ^ e s S i 3 Ce Si

Si2-* Ce5SU Ce3Si2

HoSi2\HoSi \ Ho

i 2 _ , Ho5Si3

Si

Figure 18. Isothermal cross-section through the M — Si — N ternary sys-
tems of Group III transition metals.140

(a) the Sc - Si - N system at 1073 K; (ft) the Sc - Si - N system at 1273 K;
(c) the Ce - Si - N system at 1273 K; (d) the Ho - Si - N system at 1273 K
(dark areas denote the homogeneity regions of the Ho5Si3N,( solid solution
and of the solid solution of silicon and nitrogen in holmium),
r = H o 5 S i 3 N v .
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poses to HoSi (the CrB structural type) and HosSi3. The
temperature of the congruent melting of H05S13 is 1983 K.

The H o - S i - N system incorporates no ternary compounds
at 1273 K (Fig. ISd); however, up to 4 at.% of nitrogen is
dissolved in HosSi3 to form the HosSisN* limited solid solution
having a filled structure of the MnsSi3 (D8g) type (see Table 8).
The holmium nitride HoN is in equilibrium with Si3N4, HoSi2-x,
HoSi, and HosSi3N.T; in addition, there exist Si3N4—HoSi2,
HoSi-Ho5Si3N.Y, and Ho-Ho5Si3Nx equilibria. Metallic hol-
mium dissolves up to 2 at.% of nitrogen. The holmium silicide
HoSi coexisting with HoN and HosSijN.v has a structure of the
CrB type.

b. Siliconitrides of Group IV and V transition metals
The Ti—Si—N system. According to thermodynamic esti-
mates,146147 the interaction of metallic titanium with silicon
nitride Si3N4 in the 300 K < T^ 1800K temperature range
most probably yields the silicide TisSi3 and the nitride TiN^.
This type of interaction is retained up to 2300 K. Taking into
account these data and also the results of a study148- 149 of the
interaction between silicon nitride and titanium nitride under an
atmosphere of NH3 and H2 [at a total pressure in the gas phase of
(1.33-10.7) x 103 Pa] at 1323-1723 K, Schuster and Nowotny141

concluded that under these conditions, Si3N4 exists in equilibrium
with TiN,. and with the silicide TiSi2, whereas TiN,. coexists with
all the titanium silicides. The study of the phase equilibria in the
Ti —Si —N ternary system at 1273 K (in vacuo) and at 1573K
(under an argon atmosphere) has shown that the above phase
equilibria are retained under these conditions (Fig. 19a). From the
authors' viewpoint,141 the phase equilibria in the Ti —Si —N
system are insensitive to the variations of the temperature or
nitrogen pressure. No ternary compounds were found in the
Ti — Si — N system; no solubility of nitrogen in the silicide TisSi3
with the structure of the MnsSi3 type or in other binary phases was
observed.

The isothermal cross-section through the Ti — Si — N system at
973-1273 K has been constructed by Beyers et al.,150 who have
studied phase equilibria in thin films. These researchersl50 (in
contrast to Schuster and Nowotny141) did not note the equilib-
rium between Si3N4 and TiSi2, because there exists an equilibrium
between TiN,- and silicon. The other equilibria reported in these
two papers141150 are the same. Thermodynamic calcula-
tions119-151 have shown that the TiN,, — Si equilibrium exists
most likely up to 1573 K; in particular, the variation in the Gibbs
energy for the reaction 4TiSi2 + Si3N4 -<• 4TiN + 11 Si at 1373 K
is -11.1 kJ(g-at)-1 .

The most recent studies "9-151 of the phase equilibria in the
Ti — Si — N system at 1373 K have been carried out in relation to
the diffusion pairs of the Ti —Si3N4, Tii_.xSi.T —Si3N4, and
Tii_.vSi.v—TiN types. A study involving the nitriding of Ti,Si
alloys proved to be impossible due to the formation of a thin film
of titanium nitride on the surface of the samples, which prevents
further diffusion of nitrogen. The isothermal cross-section
through the T i - S i - N system at 1373 K (Fig. 19b) largely
coincides with the cross-section obtained by Beyers et al.150 The
titanium nitride TiN,. coexists with Si, Si3N4, TiSi2, and the
Ti5Si3N.v ternary phase, which is a solid solution of nitrogen in
Ti5Si3. The solubility of nitrogen in Ti5Si3 reaches 11 at.%.119'151

The silicide Ti3Si decomposes to P-Ti and TisSi3Nv at 1373 K on
the addition of even small amounts of nitrogen. Similar effects
(substantial solubility of carbon or oxygen in TisSi3 and decom-
position of Ti3Si on the addition of a third element) have also been
observed in the T i - S i - C and T i - S i - O systems.118- "9-151

In all probability, the disagreement between the results of
Schuster and Nowotny l41 and those obtained by other work-
ersii9.150,151 j s c a u s e d by the experimental procedure: Schuster
and Nowotny141 studied the phase equilibria in the Ti — Si — N
system using massive samples, Beyers et al.150 used thin films,
whereas in the other two studies119151 diffusion pairs were
employed. The phases formed in thin films due to diffusion are

N
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Si TiSi2 TiSi\ \ P-Ti Si TiSi2 TiSi Ti5Si3 \ f)
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Figure 19. Isothermal cross-sections through M —Si —N ternary systems
of Group IV transition metals (dark areas denote one-phase homogeneity
regions).
(a) the Ti - Si - N system at 1573 K; {b) the Ti - Si - N system at 1373 K,
T = TisSi3N,; (c) the Zr - Si - N system at 1573 K, T = Zr5Si3N r; (d) the
Hf- Si - N system at 1573 K.
The cross-sections a, c, and d were constructed using the results of a study
of samples sintered under an argon atmosphere at 1573 K; the cross-
section b was constructed by a layer-by-layer study of the samples
obtained by sintering diffusion pairs at 1373 K.

not always reproduced in massive samples and are probably
nonequilibrium phases. Also in massive samples the real equilib-
rium is not always reached due to the short durations of the
annealing (sometimes, annealing requires hundreds or even
thousands of hours).
The Zr—Si—N system. In the first investigation of this system,89 a
ternary zirconium siliconitride with a structure of the Mn5Si3

(D8$) type has been detected. This compound contains up to
10 at.% of nitrogen and its chemical formula and crystal structure
are similar to those of the zirconium carbosilicide Zr5Si3C.T. The
distribution of phase fields in the Zr —Si —N system was
reported89 to be identical to that in the Zr—Si —C system at
1873 K. The experimental results obtained with the samples
sintered at 1573 K under argon l41 have confirmed the views89 of
the phase equilibria in the Zr — Si — N system.

The isothermal cross-section through the Zr—Si —N system
at 1573 K is shown in Fig. 19c.141 The nitride ZrN,. is in
equilibrium with Si3N4, with the ternary compound ZrsSisNv,
with the silicides ZrSi2, ZrSi, and Zr2Si, and with the oc-Zr(N)
solid solution; Si3N4 is in equilibrium with ZrSi2, and ZrsSi3N.v
also coexists with ZrSi, ZrsSi4, Zr3Si2, Z^Si, and with the solid
solution of nitrogen in a-Zr.

At a lower temperature, namely at 1273 K, all the phases
existing in the Zr—Si — N system at 1573 K are retained, but the
content of nitrogen in ZrsSisN.v noticeably decreases (x < 0.2),
and the Si3N4 - ZrSi, ZrN,. - Zr5Si4, and ZrN,. - Zr3Si2 equilibria
arise instead of ZrsSisN.Y—ZrsSi4and ZrN,—ZrSi2.
The Hf - Si - N system. The phase equilibria in this system at 1273
and 1573 K are virtually identical and are similar to those in the
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Zr — Si — N system at these temperatures.141 The main distinction
between the isothermal cross-section through the Hf—Si —N
system at 1273 K and the corresponding cross-section through
the Zr—Si —N system is the existence of the
SijN4 + HfSi2 + HfN three-phase field. The ternary compound
Hf5Si3N.v with a very low content of nitrogen (x < 0.1) is formed
in the Hf—Si —N system. It has a structure of the MnsSi3 (D8$)
type and exists in an equilibrium with HfNr and Hf2Si. The
isothermal cross-section through the Hf — Si — N system at 1573 K
is presented in Fig. \9d (the position of the ternary compound
Hf5Si3Nv is not shown).124

The V - S i - N system. The heating of V5Si3 to 1673 K under an
NH3 atmosphere leads to the formation of the ternary compound
V5Si3NT with a filled structure of the Mn5Si3 0D88) type and the
nitride VN,. .8 9 The phase equilibria in the V —Si —N system at
1273 K (in vacuo) and at 1773 K (under an argon atmosphere)
(Fig. 20a,b) have been studied.141 At 1273 K the ternary com-
pound is in equilibrium with SisN4, VSi2, VeSis, VsSi3, VsSi, and
V9N4; the silicon nitride Si3N4 coexists with VSi2, VN,,, and
V9N4; and the silicide V3S1 coexists with V9N4 and with the solid
solution of nitrogen in vanadium.

As the temperature increases, the nitrogen content in VsSisNv
increases substantially, as indicated by the increase in the unit cell
parameters from a = 0.7121 nm and c = 0.4847 nm at 1273 K to
a = 0.7155 nm and c = 0.4852 nm at 1773 K. The nitrides Si3N4

and VN,. are unstable under an argon atmosphere at 1773K.
Thus, the ternary compound VsSisN.v and the silicide VSi2 in the
V — Si — N system coexist directly with nitrogen, whereas the other
equilibria are retained (Fig. 206). The solubility of a third
component in the binary phases is negligibly small.141

The compound V9N4 crystallises with a hexagonal ordered
structure with the periods a = avVl and c = c\ {ay and cv are
the parameters of the hexagonal close-packed vanadium sub-
lattice). According to the data obtained by Onozuka,152 the
nitrides stable in the V — N binary system at temperatures above
900 K are VN,. and V9N4 (rather than V2N,. as has been believed

previously), whereas at T < 900 K, the V32N26 (space group
PAilnmc) and V9N4 (space group P6i22) ordered phases are
stable. The VNr (y = 0.78) -+ V32N26 ordering occurs at 793 K
as a first-order phase transition.
The Nb—Si—N system. A thermodynamic calculation146 implies
that the reaction between the silicon nitride Si3N4 and metallic
niobium at 1300K most probably yields the silicide NbsSi3 and
the nitride Nb2N. This is in agreement with the experimental
data.141 The isothermal cross-section through the Nb —Si —N
system at 1273 K (in vacuo) is shown in Fig. 20c.141 There are no
ternary phases in the Nb — Si — N system at this temperature, the
nitride SJ3N4 coexists with all the binary niobium silicides and
nitrides, whereas the silicide NbsSi3 exists in equilibrium with
Nb2N.

The annealing of the alloys existing in the Nb — Si — N system
at 1773 K led to the appearance of the ternary compound
Nb5Si3N.T with a filled structure of the Mn5Si3 (£>88) type.141

This compound exists in equilibrium with NbSi2, NbsSi3, Nb2N,
8-NbN, and probably with nitrogen. The equilibria of NbsSisNv
(Nb5_xSi3-vNr) with N2 and NbSi2 have been reported.108 The
assumption that in the ternary compound, nitrogen substitutes
niobium and siliconlos have not been confirmed: the interstitial
atoms X in the compounds M5M3X with the MnsSi3 (DS%) type of
structure fill the octahedral vacancies formed by the M atoms.
The NbsSisNr ternary phase has been obtained by heating NbsSi3
under an atmosphere of NH3 at 1673 K.89 The parameter c of the
crystal lattice of NbsSi3NT has been reported89'141 to increase
from 0.5249 nm to 0.5310 nm with an increase in the nitrogen
content, with the invariable parameter a = 0.7517 nm. The
invariability of the parameters of the crystal lattices of the binary
phases in the Nb — Si — N system indicates that the solubility of the
third component in these phases is negligibly small.
The Ta —Si —N system. This system has been the most compre-
hensively studied among the siliconitride systems of group IV and
V transition metals (except for titanium). The first investigation of
the phase equilibria in this system was carried out by Kudielka et
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Figure 20. Isothermal cross-sections through the M — Si — N systems of
Group V transition metals (dark areas denote one-phase homogeneity
regions).141

(a) the V - S i - N system at 1273 K (in vacuo);
(6) the V — Si — N system at 1773 K (under an argon atmosphere);
(c) the Nb-S i -N system at 1273 K (in vacuo);
(d) the Ta —Si —N system at 1773K (under an argon atmosphere);
T = V5Si3N.Y (a, b), Ta5Si3N.T (d).
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al.90 They constructed the isothermal cross-section through the
Ta —Si —N system at 1600K and a nitrogen pressure of
0.75xl05Pa. The ternary compound Tas-^Sis-^N; with a
broad homogeneity region exists in this system; it exists in
equilibrium with nitrogen, the silicon nitride Si3N4 and with the
tantalum nitrides and silicides TaN^, Ta2N, TasSi3, and TaSi2-108

The formation of the TasSisN* ternary phase on nitriding the
silicide TasSi3 at 1673 K by various methods and on the inter-
action of Si3N4 with tantalum at 1873 K has also been observed in
another study.89 The ternary compound TasSi3Nx has a filled
structure of the MnsSi3 (Z>8g) type common to the MsSisN*
phases. The phase equilibria in the Ta —Si —N system have been
studied at 1273 K (in vacuo) and at 1773 K (under an argon
atmosphere).141 It was found that at 1273 K, no ternary phase
exist, and the silicon nitride is in equilibrium with TaSi2, TasSi3,
TaNv, and Ta2N, whereas the nitride Ta2N coexists also with

Sij, Ta2Si, and Ta3Si. At 1773 K, the ternary compound
.x exists in the Ta — Si — N system. It is in equilibrium

with nitrogen, Ta2N, Ta2Si, and Ta5Si3 (Fig. 20d). When
the content of nitrogen in TasSisN* increases, the parameter c
of the crystal lattice increases from 0.5229 nm to 0.5246 nm with
the parameter a = 0.7501 nm being constant. The solubility of the
third component in the binary phases of the Ta — Si — N system is
negligibly small.141

c. Siliconitrides of Group VI-VIII transition metals
The Cr—Si — N system. The interaction of the silicon nitride Si3N4
with chromium can yield Q^Si, CrsSi3, CrSi, CrSi2,02N, Si, and
gaseous nitrogen, depending on the amount of chromium.146

Heating a mixture of Cr, Si, and SJ3N4 to 1673 K in a moist
atmosphere leads to the formation of CrsSi3 (structure of the
\V5Si3 type), containing up to 10 at.% of nitrogen, and CrsSi,
containing up to 20 at.% of nitrogen; chromium nitrides are not
formed in the absence of an external nitrogen pressure.89

A detailed study of the phase equilibria in the Cr—Si —N
system153 has shown that at 1273 K and under an argon
atmosphere, the nitride S13N4 coexists in this system with all the
chromium silicides, namely, CrSi2, CrSi, CrsSi3, and C^Si,
whereas G^Si and the solid solution of silicon in chromium are
in equilibrium directly with nitrogen. However, at 1273 K, even a
low nitrogen pressure is sufficient to stabilise &2N existing in
equilibrium with C^Si and with the solid solution of silicon in
chromium; the other equilibria in the Cr —Si —N system under a
low nitrogen pressure are the same as the equilibria under argon.
At a higher temperature of 1673 K under an argon atmosphere,
the silicides CrsSi3 and Q^Si are in equilibrium with nitrogen,
whereas SisN4 coexists with CrsSi3. Nitrogen is insoluble in
chromium silicides.153

The isothermal cross-section through the Cr —Si —N system
at 1873 K and at a nitrogen pressure of 1 x 105 Pa has been
constructed153 with the aid of the results obtained in another
study.154 The equilibria existing at 1673 K under argon are
retained under these conditions; in addition, new equilibria arise,
due to the stabilisation of the chromium nitride &2N and the
appearance of the liquid phase of chromium.
The M o - S i - N system. The nitriding of Mo5Si3 at 1673 K gives
Mo and Mo3Si, whereas the nitriding of MoSi2 under the same
conditions is accompanied by the appearance of MosSi3.89 The
annealing of a mixture of Mo, Si, and Si3N4 powders at 1973 K
affords MosSi3 and nitrogen.89 The reaction between Mo and
Si3N4 at 1273 K proceeds very slowly; in the absence of an external
pressure of nitrogen, Si3N4 coexists with MoSi2 and MosSi3,
whereas the silicides Mo5Si3 and Mo3Si exist in equilibrium with
nitrogen.153 The same phase equilibria are retained in the
Mo - Si - N system at 1673 K under argon. At 18 50 K, the silicon
nitride SJ3N4 is unstable, and all the molybdenum silicides are in
equilibrium with nitrogen. No ternary compounds have been
found in the Mo — Si — N system.

The phase equilibria in the Mo —Si —N system have been
studied at 1573 K and at various nitrogen pressures (Fig. 21).137

At />N, < 18 Pa, the Mo —Si —N system incorporates only the
silicides M0S12, MosSi3, and Mo3Si existing in equilibrium with
nitrogen. At 18 Pa < />N, < 3000 Pa all the molybdenum silicides
are still in equilibrium with nitrogen, and MoSi2 coexists with
Si3N4. The phase equilibria in the Mo —Si—N system at higher
nitrogen pressures (3 x 103 Pa ^ /?N, < 7 x 105 Pa) are the same
as shown in Fig. 21c. At a nitrogen pressure of
7 x 105 Pa ^ pN2 < 88 x 105 Pa, the silicon nitride Si3N4 exists in
equilibrium with all the molybdenum silicides, and Mo3Si coexists
with nitrogen. When the nitrogen pressure is (88-98) x 105 Pa,
the nitride M02N becomes stable, and one more equilibrium
appears, namely, Mo2N-Mo3Si. At pN , > 98 x 105 Pa, the
Mo3Si —N equilibrium disappears, and the Si3N4 — M02N equi-
librium arises instead; silicon nitride coexists also with all the
molybdenum silicides, and M02N is in equilibrium with Mo3Si
(Fig. 21 / ) .
The W - S i - N system. The nitriding of W5S13 at 1673-2073 K
under an NH3 atmosphere does not lead to the formation of a
phase with the structure of the MnsSi3 (DSs) type observed in the
M —Si —N systems of Group V transition metals.89 It has been
shown153 that silicon nitride does not react with tungsten or with
the silicides WSi2 and WsSi3 at 1273 K, but exists in equilibrium
with them. The Si3N4—W equilibrium is retained up to 1400 K. At
higher temperatures, SisN4 and tungsten interact to give WsSi3
and nitrogen that exist in equilibrium with each other. At 1773 K,
the silicides WSi2 and WsSi3 are in equilibrium with nit rgen.
The Re—Si—N system. The phase equilibria in this system have
been studied at 1273 K and 1673 K under argon.153 At 1273 K, the
silicon nitride Si3N4 coexists with rhenium and with its silicides
ReSi2 and RenSig. At a higher temperature Si3N4 reacts with
rhenium, and thus the RenSi9 —N equilibrium arises instead of
SJ3N4—Re. No ternary phases in the Re — Si — N system have been
found.
The Mn — Si—N system. The interaction of liquid manganese with
the silicon nitride Si3N4 in vacuo, under an inert gas, or under
nitrogen is accompanied, in particular, by the formation of the
ternary compound MnSiN2.156 The nitrogen atoms in the
siliconitride MnSiN2 are located at the centres of the distorted
tetrahedra comprising two manganese atoms and two silicon
atoms.143'144 The decomposition of MnSiN2 to the silicide MnSi
and gaseous nitrogen begins at 1570K (at a nitrogen pressure of
1 x 105 Pa) or at 1070 K (under argon).

The study of the phase equilibria in the Mn —Si —N system
carried out by Weitzer and Schuster145 has confirmed the
presence of only one ternary compound MnSiN2 with an ortho-
rhombic lattice (see Table 8). It has a narrow homogeneity region.
In the absence of an external nitrogen pressure at 1273 K the
siliconitride MnSiN2 is in equilibrium with nitrogen, with the
silicon nitride SJ3N4, with |3-Mn (the solid solution of silicon in
manganese), and with the silicide Mn3Si; Si3N4 also coexists with
MnSi2, MnSi, MnsSi3, and Mn3Si. Nitrogen is insoluble in
manganese silicides.

In the presence of an external nitrogen pressure, y-Mn (the
solid solution of nitrogen in manganese) arises in the system. This
leads to the appearance of P-Mn-y-Mn and MnSiN2 —y-Mn
phase equilibria. With an increase in the external pressure of
nitrogen, manganese nitrides (in particular, e-Mn4N) appear in
the system and equilibria between them and MnSiN2 are estab-
lished.
The Fe —Si —N system. The combined influence of the nitrogen
and silicon admixtures in iron and its alloys on the properties of
the latter have been studied in connection with the development of
siliceous sheet transformer steel. In steels with high silicon
contents (up to 4 at.%), the nitride Si3N4 can segregate from the
solid solution of silicon in iron. The silicon nitride is also formed
in the nitriding of steels with low contents of silicon.

The phase equilibria in the Fe — Si — N system have been
studied at 1173 K and 1423 K.145 In the absence of an external
nitrogen pressure at 1173K, Si3N4 coexists with all the iron
silicides stable at this temperature and with oc-Fe (the solid
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Figure 21. The influence of nitrogen pressure />N; on phase equilibria in the Mo - Si - N system at 1573 K.'55

(a) < 18 Pa, (6) 18 =£ pNl < 3 x 103 Pa, (c) 3 x 103 < pNl < 7 x 105 Pa, (d) 1 x 105 ^ pNl < 88 x 105 Pa, (e) 88 x 105 < pN , < 98 x 105 Pa,
if) PN2 > 98 x 10s Pa.

solution of silicon in iron). In the presence of pure iron at
1390 ± 10 K S13N4 starts to decompose yielding the solid solution
of oc-Fe containing 6 - 8 at.% of silicon.

At 1423 K the nitride Si3N4 coexists with silicides Fe2Si5, FeSi,
FejSi, and Fe3Si, and also with a-Fe (the solid solution of silicon
in iron). No ternary phases have been detected in the Fe — Si — N
system.
The C o - S i - N system. When Si3N4 reacts with liquid cobalt, it
decomposes to give cobalt silicides and gaseous nitrogen. In the
absence of an external nitrogen pressure at 1273 K, the silicon
nitride is in an equilibrium with C0S12, CoSi, the low-temperature
silicide Co2Si, a-Co and £-Co (the solid solutions of silicon in
cobalt), and cobalt.145 The reaction between Co and Si3N4 with
the decomposition of the latter starts at 1440 K. Nitrogen is
insoluble in cobalt silicides. No ternary compounds have been
found in the Co — Si—N system.
The N i - S i - N system. The interaction of molten nickel with the
silicon nitride Si3N4 is accompanied by the decomposition of the
latter. At temperatures above 1440 K, the decomposition occurs
very rapidly. Without an external nitrogen pressure at 1173 K, the
silicon nitride Si3N4 coexists with nickel and with all the nickel
silicides stable at this temperature. Nickel silicides do not dissolve
nitrogen. No ternary compounds have been detected in this
system.

The phase equilibria in the Ni — Si — N system have been studi-
ed at 1373 K and at a nitrogen pressure of 1 x 105 Pa.1 5 5 Under
these conditions, the silicides NiaSi, NisSi2 (Ni3iSii2), and NisSi
and the solid solution of silicon in nickel exist in equilibrium with
the silicon nitride Si3N4. Nickel dissolves up to 15 at.% of silicon.
The Ru — Si—N system. There are no ternary phases in the
R u - S i - N system at temperatures from 1270K to 1520K and
at an argon pressure of 1 x 105 Pa . l 5 7 At 1273 K the nitride Si3N4

coexists with ruthenium and with its silicides Ru2Si3, RuSi, and
Ru4Si3 (Fig. 22a). At 1480 K, decomposition of Si3N4 begins

S13N4 + Ru —> Ru4Si3 + N 2 ,
and the appearance of the phase diagram changes. At 1520 K, the
nitride Si3N4 exists in equilibrium with RU2S13 and RuSi, and the
silicides RuSi, RU4S13, and Ru2Si are in equilibrium with nitrogen
(Fig. 22b).

Si3N Si3N,

Si Ru2Si3 \

RuSi

Ru Si Ru2Si3/ \Ru2Si Ru

RuSi R.U4SL1

Figure 22. Isothermal cross-sections through the Ru —Si —N system at
1273 K (a) and 1520 K (6) under an argon atmosphere.157
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V. Phase equilibria in M—Al—X ternary systems
(X = C, N, Si)
1. The common types of the crystal structures of ternary
compounds in the M—Al—X systems
Aluminidocarbides and aluminidonitrides of transition metals
have, as a rule, one of several specific crystal structures peculiar
to these compounds.

The cubic structure [space group Pm3m(0l
h)] of the perovskite

CaTiO3 (£20 type, which is usually found in double oxides, for
example, in barium titanate BaTiCh, is the most common among
these structures. The M and Al atoms in the aluminidocarbides
and aluminidonitrides M3AIX with the perovskite type of struc-
ture form an ordered metallic Fcc-sublattice: the aluminium
atoms occupy the vertices of a cube, whilst the transition metal
atoms M are located at the centres of the faces of the cube; the M
atoms constitute octahedra in the centres of which the interstitial
atoms X are located (Fig. 23). The interstitial atoms X (C, N)
occupy all or some of the octahedral interstices formed by the
transition metal atoms M; this accounts for the fact that most of
aluminidocarbides and aluminidonitrides with the perovskite type
of structure have fairly extensive homogeneity regions. The
presence of the metallic Fcc-lattice, with interstitial atoms located
in its octahedral interstices, and the existence of the homogeneity
regions make these compounds very similar to the classical
nonstoichiometric interstitial compounds, namely, carbides and
nitrides MXV with the structure of the 51 (NaCl) type. In addition,
in some cases the X atoms in the aluminidocarbides and alumini-
donitrides M3AIX with the perovskite type of structure can not
only fill the octahedral interstices, but can also substitute
aluminium.

o
C

Al

Cr-Ti

Figure 24. Crystal structure of the Nowotny phase (//-phase) of the
Cr2AlC type (M2M'X).
(a) unit cell (space group Pdilmmc); (b) the layer of the XM6 octahedra
joined via six edges; nontransition metal atoms in compounds with the
O2AIC type of structure are arranged over tetrahedral vacancies.
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Figure 23. Unit cell of the ternary compounds M3M'X with the ideal cubic
structure (space group Pm3m) of the perovskite CaTiCh type.

Another group of transition metal aluminidocarbides and
aluminidonitrides M2M'X (.//-phases) have the hexagonal struc-
ture (space group P63/mmc) of the Cr2AlC type (Fig. 24).
A significant element of this structure, as well as of the previous
one, is the octahedron XM6 formed by six transition metal atoms
M with the nonmetal atom X located at the centre of it. In the
M2M'X //-phases, each XM6 octahedron is joined with the
adjacent octahedra via its six edges; thus layers with tetrahedral
vacancies between the octahedra are formed (Fig. 246). The
nontransition metal atoms M' are located over these tetrahedral
vacancies in the trigonal prisms formed by six M atoms. The
octahedral layers separated by the layer of the M' atoms are
packed in such a way that the tetrahedral interstices are located
above one another. The unit cell of the //-phases incorporates two
M2M'X formula units.

The frequently occurring aluminidocarbides and aluminido-
nitrides of the composition M3M'2X have a cubic structure [space
group P4]32 (O7)] of the P-Mn type (^13) in which twenty atoms
of the transition and nontransition metals occupy the I2(d) and
8(c) sites, respectively. The transition metal atoms M constitute
slightly distorted octahedra that are connected to one another via
their vertices; the octahedral interstices correspond to the 4(a) sites
in the structures of the P-Mn type, and in the compounds M3M'2X

Figure 25. Filled crystal structure of the P-Mn(A13) type of the ternary
cubic (space group P4j32) compounds M3M3X.
Only the transition metal atoms M at the 12(d) sites and interstitial
nonmetal atoms X (C,N) at the 4{a) sites are shown; these atoms form
distorted XM6 octahedra joined via all the vertices.

of the stoichiometric composition they are occupied by the
nonmetallic interstitial atoms X, that is, carbon or nitrogen
atoms (Fig. 25). In the case where the composition of a ternary
carbide or nitride with the structure of the P-Mn type deviates
from the stoichiometry, some of the octahedral interstices remain
vacant.

A filled structure of the Mn5Si3 type (£>88) (see Fig. 10), which
is common for the transition metal silicoborides, carbosilicides,
and siliconitrides MsSi3Bx, MsSisC.v, and MsSi3N.r considered
above, is also a frequently encountered type of the structure of the
ternary compounds in the M—Al—C and M—Al — N systems. It
is of interest that this structure is hardly found among the
transition metal aluminosilicides.
2. The M — Al—C ternary aluminidocarbide systems
The structural characteristics of the ternary phases formed in the
M—Al—C aluminidocarbide systems are presented in Table 9.

Some lanthanides form aluminium and carbon cubic ternary
compounds Ln3AlC (Ln = Tb, Er, Tm) with the perovskite type
of structure.158

The T i - A l - C system. In a study of the phase equilibria in the
Ti—Al—C system,179 the existence of the ternary cubic com-
pound Ti3AlC with the perovskite structure159 and of the ternary
hexagonal compound Ti2AlC (the //-phase) with the Cr2AlC type
of structure ><®-172 has been confirmed (Table 9). The following
pseudobinary equilibria occur in the T i - A l - C system under
equilibrium conditions at 1273 K (Fig. 26): Al4C3-TiC,.,
TiAl3-TiC^, Ti2AlC-TiAl3 , Ti2AlC-TiAl, Ti2AlC-Ti3Al,
Ti2AlC-Ti3AlC, Ti2AlC-TiC>., Ti3AlC - TiC,, Ti 3AlC-
Ti3Al, Al(liq)-TiQ,, Ti3AlC - a-Ti(sol) and Ti3AlC - P-Ti(sol)
[Al(liq) is molten aluminium, and a-Ti(sol) and P-Ti(sol) are solid
solutions of aluminium in ot-Ti and p-Ti, respectively]. Titanium is
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Table 9. Some ternary phases in the M - A l - C systems.

Compound

Tb3AlC

Er3AlC
Tm3AlC
Ti3AlCx

(x=1.0)
Cr3AlC,
Mn3AlC*

{x= 1.0-1.2)
Fe3AlC.v

(x as 0.66)
Co3AlC*

(x « 0.59)
Ni3AlCt

(x as 0.3)
Ni3AlC*

(x w 0.3)
Ti2AlC

V2A1C
Nb2AlC
Ta2AlC
Cr2AlC
Nb3Al2C
Ta3Al2C
Mo3Al2C
Zr2Al3C5

Hf2Al3C5

ZrAlC2

HfAlC2

Zr5Al3C

Hf5Al3C
Ta5Al3C
Th4Al2Cs
ThAlC2

TI1AI4C4

Symmetry and

type of structure

Cubic, the perovskite
CaTiO3 (£20 type

11

11

i t

-

Cubic, the perovskite
CaTiO3 (£2i) type

M

II

Cubic (a solid
solution of carbon in Ni3Al)

11

Hexagonal (//-phase
oftheCr2AlCtype)

M

II

II

II

Cubic, the p-Mn (A 13) type
11

11

Hexagonal
"
11

Hexagonal, filled
structure of the MnsSi3 type

. . ( Z ) 8 g )

_
_

Hexagonal

Space group

Prnim

Prriim
Prriim
Prnim

-
Prriim

Prriim

Pmim

Pmlm

Prnim

Pii-ilmmc

P6ijmmc
Pbilmmc
Pbijmmc
P6]/mmc
/>4,32
/>4,32
/>4,32
Pile
Pile
P6j/mcm
Pdilmcm
Pdijmcm

Pdijmmc
P6)/mmc
—
—

-

Z

1

1
1
1

-
1

1

1

1

1

2

2
2
2
2
4
4
4
2
2
6
6
2

2
2

—
-

-

Unit cell parameters / nm

a

0.4876

0.4792
0.4776
0.4156

-
0.3869

0.3728-0.3788

0.3697

0.3617

0.3583

0.304

0.2913
0.3103
0.3075
0.286
0.7065-0.7079
0.7038
0.6860-0.6866
0.3345
0.3319
0.3345
0.3319
0.822

0.812
0.7734
—
-
0.823

c

-
—
-

-
-

-

-

-

-

1.360

1.314
1.383
1.383
1.282
-
-
-
2.2231
2.209
2.761
2.742
0.568

0.5679
0.5245
—
-
0.334

Ref.

158

158
158
159

160
161-165

163, 164

163, 164, 166

163, 164, 167,
168
168

169-172

169-172
169-172
169-172
169-172
172-174
172-174
172, 174-176
177
177
177
177
177

172, 177
177
178
178
178

Al

ALA

TiAl3 TiAl / o-Ti(p)

Ti3Al

Ti

P-Ti

Figure 26. Isothermal cross-section through the Ti—Al —C system at
1273 K (the dark areas denote one-phase regions).179

(/) Ti2AlC; (2) Ti3AlC.

insoluble in AI4C3, carbon is insoluble in titanium aluminides,
and aluminium is insoluble in TiC,,. oc-Ti dissolves up to 10 at.%
of aluminium. The Ti2AlC /f-phase annealed at 973 K has no
homogeneity region. The variation of the unit cell parameters on
the substitution of titanium by aluminium in the ternary phases is
relatively greater than the variation caused by a similar change in
the carbon content.179 Thus, the lattice period of the Ti3AlC
annealed at 1273 K decreases on the substitution of titanium by
aluminium and increases with an increase in the concentration of
carbon. The unit cell parameters of the Ti2AlC //-phase annealed
at 1273 K vary in the ranges a = 0.3045 to 0.3065 nm and
c = 1.3636 to 1.3671 nm. The variation of the unit cell para-
meters points to the existence of small homogeneity regions of the
ternary phases annealed at 1273 K.

While considering the phase equilibria in the Ti —Al —C
system, one should mention a study 18° published in 1988, when
the ternary compounds Ti2AlC and TiaAlC were already known,
in which a wrong variant of the phase diagram with no allowance
for the existence of the ternary phases was suggested for the
Ti—Al—C system.
The Zr—Al —C system. All the known zirconium aluminides
except for Zr2Al, Zr5AU, and ZrjAb, have been found in the
Z r - A l - C system.177 The Zr2Al phase may be stabilised only in
the presence of silicon.181 The aluminide ZrsAU decomposes at a
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Al

AI4C3 ZrCv

Zr Al3 / Z

ZrAl3

r2Al3

Zr

b

C

\
«A13 ZrsAl o-Zr(p)

Al

AI4C3 HfC,

HfAl3 (

HfAl2

Hf

HfAl

\

a-Hi{p)

Figure 27. Isothermal cross-sections through the Zr—Al —C (a) and
Hf—Al —C (b) systems at 973 K (dark sections denote single-phase
homogeneity regions of carbides and of solid solutions of aluminium in
transition metals).177

T, = M2A13C5_.X, T2 = MAlC2-.r, N = M5AI3C (M = Zr, Hf).

temperature of ~ 1 2 5 0 K , and Zr5Al3 almost coincides in its
composition with Zr3Al2 .

Three ternary phases have been found in the Zr—Al —C
system: Zr 2Al 3C5_. r , Z r A l C 2 - x , and Zr5Al3C (see Table 9). The
new ternary compound with the ideal formula Zr2Al3C5 has a
hexagonal structure [space group P3lc (C*,)] with the unit
cell parameters a - 0.3345 nm and c = 2.2230 nm; carbon
atoms are located in the octahedral interstices. The ZrAlC2

phase also crystallises with a hexagonal structure [space group
P6i/mmc (D\h)}, carbon being located in the octahedral inter-
stices. The ZrsAbC phase has a structure of the MnsSi3 type the
octahedral interstices of which are filled with carbon.

The greatest number of pseudobinary equilibria in the
Zr—Al —C system are formed by the very stable zirconium
carbide ZrC,- (Fig. 27a). However, in contrast to the Ti—Al —C
system, ZrC,. does not form pseudobinary equilibria with alumin-
ium at temperatures below ~ 1300 K. Carbon is soluble only in the
aluminide Zr3Al2 (ZrsAl3), thus stabilising its structure (MnsSi3

type); aluminium is insoluble in ZrC,,. The distribution of the
phase fields near the ternary compound ZrsAlC3 at 1273 K differs
from that at 973 K, namely, the ZrCj , -Zr 3 Al 2 and Z rC , . -Z r 3 Al
equilibria disappear, the ZrsAUC—Zr3Al and ZrsAl3C —P-
Zr(sol) appearing instead [P-Zr(sol) is the solid solution of
aluminium in P-Zr].
The Hf—Al—C system. Three ternary compounds exist in the
Hf—Al—C system, their structures and compositions (see
Table 9) being similar to those of the corresponding ternary
compounds formed in the Zr —Al—C system.177 However, in

contrast to the zirconium-containing system, there is no
AUC3 —HfAl3 equilibrium in the system under consideration,
and aluminium coexists with Hf 2Al 3C 5 , HfAlC 2 , and HfC,,
(Fig. 21b). Carbon is insoluble in the hafnium aluminides and
aluminium is insoluble in hafnium carbide. The phase equilibria in
the H f - Al - C system at 973 K and 1273 K are virtually identical,
differing only in that the solubility of aluminium in a-Hf increases
(up to 12 at .% of Al at 1273 K) and some solubility of carbon in <x-
Hf appears.

The V - A I - C system. One ternary compound, namely V2A1C
with a hexagonal structure of the Cr2AlC type, is formed in the
V - A l - C system (see Table 9 ) . 1 6 9 " 1 7 2 At 1273 K this compound
coexists with molten aluminium, the carbides AI4C3, VCV , £-
V 4 C 3 , and V2C, and with V(sol) [V(sol) is the solid solution of
aluminium in vanadium]; AUC3 exists in an equilibrium with VC,.
(V8C7), and V2C is in an equilibrium with V(sol).179 The solid
solution V(sol) coexisting with V2A1C and V2C contains up to
23 at .% of Al. Note that both the disordered carbide VC,. and the
ordered phase V8C7 have been observed in this system at
1273 K. 1 7 9 The V2A1C ternary phase has no homogeneity
region, binary phases do not dissolve the third component.1 7 9

The Nb - Al - C system. The da t a 1 6 9 - ' 7 2 concerning the existence
of the Nb2AlC ternary / /-phase in this system (see Table 9) have
been confirmed by Schuster et al.1 7 7 At 973 K this phase exists in
equilibrium with NbAl 3 , Nb2Al, Nb3Al, NbC,, , and Nb 2 C; N b C ,
coexists with AUC3 and N b A l 3 , and AI4C3 coexists with NbAl 3

(Fig. 28«). The carbide Nb 3Al 2C with the P-Mn type of structure
(see Table 9) is unstable at 973 K and is not shown in Fig. 28a.

AUC3
NbCv

Al

Nb2C

NbAl3 ND2AI'
Nb

Nb3Al Nb(p)

Ta
Ta(p)

TaAl3 Ta2Al3 Ta2Al Ta(p)

Figure 28. Isothermal cross-sections through the Nb —Al —C system at
973-1273 K (a) and through the T a - A l - C system at 1273K (6) and
973 K(c).177

H = Nb2AlC (a), Ta2AlC (b, c), N = Ta5Al3C.
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At a higher temperature of 1273 K the AI4C3 - N b A b equilibrium
disappears, and the carbide NbC>. coexists directly with liquid
aluminium (similarly to the Ti—Al—C system in which the
carbide TiCv. is in an equilibrium with liquid aluminium). In all
other aspects, the isothermal cross-sections through the
N b - A l - C system at 973 K and 1273 K are similar.

The variation of the parameters of the //-phase (a varies from
0.3105 nm to 0.3115 nm and c varies from 1.3860 nm to
1.3921 nm) indicates the existence of a small homogeneity region
corresponding to the formula Nb2_.rAli + .vCi_x/2, which was
suggested in a previous study.169 Carbon is insoluble in the
niobium aluminides, and aluminium is insoluble in the niobium
carbides.
The Ta—Al —C system. The isothermal cross-sections through
the T a - A l - C system at 973 K and 1273 K are shown in
Fig. 2Sb,c. At 973 K one ternary compound with the formula
Ta2AlC exists in this system, and at 1273 K the second ternary
compound appears, namely, TasAbC* with a filled structure of
the MnsSi3 type (see Table 9). The ternary compound Ta3AbC is
unstable at these temperatures and is not shown in Fig. 2$b,c.
At 1273 K carbon populates only some of the octahedral inter-
stices of the tantalum sublattice in TasAbQc (x < 1.0), and the
occupation of all the interstices can be achieved at a higher
temperature.

As the temperature increases, carbon stabilises the TasAbC
phase with the Z>8s type of structure; as this takes place an
equilibrium arises between the carbide TaC,. and liquid alumin-
ium, and the AUC3-TaAl3 equilibrium disappears (see
Fig. 2Sb,c).
The Cr—Al —C system. There is one ternary compound in this
system: Cr2AlC (see Table 9), which is more stable at 1073 K than
the carbides AI4C3 and Cr3C2 and exists in an equilibrium directly
with carbon (graphite); with an increase in the temperature,
the //-phase becomes less stable than AI4C3 and O3C2, and the
Cr2AlC —C equilibrium disappears (Fig. 29). According to
the data obtained by Schuster et al.,179 the compound Cr2AlC
has no homogeneity region. There is no solubility of the third
component in the binary phases of the C r - A l - C system. The
existence of the C^AIC carbide phase with an unknown structure
has been reported;160 however, these data have not been
confirmed subsequently.
The Mo—Al —C system. One ternary compound has been
detected in this system, namely, the compound MO3A12C with a
cubic structure of the P-Mn type, similar to the analogous
compounds formed in the Nb—Al —C and Ta—Al —C systems.
The aluminidocarbide Mo3Al2C exists in equilibrium with the
carbides AI4C3 and Mo2C and with the aluminides Mo3Al8 and
M03AI; AI4C3 coexists with Mo2C, M0AI3, and Mo3Al8; the
carbide Mo2C is in equilibrium with M03AI and with the solid
solution of aluminium and carbon in molybdenum Mo(Al,C).176

The ternary compound Mo3Al2C has a small homogeneity region
and is formed via a peritectic reaction between the carbide Mo2C
and the aluminium melt. A ternary eutectic (Mo3Al2C + M03AI
+ M03AI8) with a melting point of ~ 1823 K exists in the system.
The compound Mo3Al2C has a small homogeneity region: as the
content of molybdenum increases from 47 to 51 at.%, the content
of carbon being constant and equal to 16.7 at.%, the cubic lattice
period increases from 0.6860 nm to 0.6866 nm. 1 " ' " 2 A small
amount of carbon can be dissolved in all the molybdenum
aluminides, whereas molybdenum (up to 3 at.%) is soluble in
AI4C3. In all probability, the AI4C3 - MoC3, (M03C2) pseudo-
binary equilibrium should exist in the Mo —Al —C system at
T> 1750 K.
The W—Al —C system. There are no ternary compounds in the
W - Al - C system at 1173 K.176 The intermetallide WA12 exists in
equilibrium with the carbides AI4C3, WC, and W2C, whereas
AI4C3 is in equilibrium with the hexagonal carbide WC (the WC^
high-temperature cubic phase was not taken into account). It
should be kept in mind that the designation of the intermetallide
WAI2, which is formed from tungsten and aluminium melt via the

AI4C3

Al Cr

Figure 29. Isothermal cross-sections through the Cr —Al —C system at
1073 K (a) and 1273 K (b) (dark sections denote single-phase regions).179

peritectic reaction and is stable in the narrow temperature range
from 1600K to 1830K, is somewhat arbitrary.182

The Mn—Al —C system. A study of the phase equilibria in the
Mn—Al—C system has provided evidence for the existence of the
ternary compound MnsAlC with the perovskite type of struc-
ture 183 (see Table 9). At 973 K this compound is in equilibrium
with AI4C3 and with solid solutions of aluminium in a-Mn(sol)
and p-Mn(sol) as well as with the carbides Mn7C3, MnsC2, and
Mn23C6 and with carbon, whereas AI4C3 is in equilibrium with all
the manganese aluminides (Fig. 30a). The period of the lattice of
Mn3AlC annealed at 973 K varies from 0.3856 nm to 0.3873 nm.
This apparently reflects the variation of the carbon content in the
compound rather than the alteration of the ratio between the
manganese and aluminium. A similar conclusion can be drawn
from the results of another study.163

At 1273 K y-Mn dissolves ~ 5 at.% of carbon and 25 at.% of
aluminium thus forming a broad one-phase region; the high-
temperature E-MnAl phase dissolves up to 5 at.% of carbon
(Fig. 30b). The parameters of the cubic lattice in the compounds
Mn3AlC thus formed differ from each other and are equal to
0.3840 nm and 0.3874 nm. It should be noted that two phases
(apart from the y-Mn Fee structure) with the perovskite structure
and different parameters, a = 0.384 nm and a = 0.387 nm, have
been also observed in the Mn7Al2C alloy.

The temperature of the congruent melting of Mn3AlC is
2000 K.
The Fe —Al—C system. Figure 31 presents a fragment of the
F e - A l - C ternary system at 1273K.184 The carbide Fe3AlCv

with the perovskite type of structure is formed in this system (see
Table 9); the metal atoms in this compound form an ordered
Fcc-lattice. The corresponding aluminide Fe3Al has a cubic
structure (space group Fm3m) of the BiLi3 or BiF3 (.DO3) type.
This structure consists of four interpenetrating Fee sublattices.
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AI4C3

I \y2-MnAl

MnAU M114AI11

P-Mn(p)

Al

AI4C3

Y2-M11AI \ p-Mn(p)

e-MnAl

Figure 30. Isothermal cross-sections through the Mn—Al—C system at
973 K (a) and 1273 K (b) (dark sections denote single-phase regions).183

The aluminium atoms are located at the unit cell vertices and at
the centres of faces, whereas iron atoms occupy the centres of
octahedral and tetrahedral interstices of the aluminium Fcc-
sublattice. As a whole, the atoms in FeaAl populate the same
positions as do the atoms in the eight cells of a body-centred cubic
(Bcc) lattice of the CsCl(52) type. This permits Fe3Al to be
regarded as a superstructure based on a Bcc lattice. The

50

Superstructures

a.+graphite

a+y+K

a-Solution

y + a

50

Figure 31. Fragment of the isothermal cross-section through the
Fe - Al - C system at 1273 K.'M

AT is the ternary compound FesAlC* with the perovskite type of structure;
dark area indicates the region of austenite y-Fe(C).

introduction of carbon into FesAl leads to the formation of the
ternary carbide Fe3AlC with the perovskite type of structure. The
carbide FesAlC has an extended homogeneity region that is
connected to the homogeneity region of austenite y-Fe(C) via a
two-phase region. The ternary compound Fe3AlC.x exists in
equilibrium with FesAl, FeAl, the solid solution of aluminium in
tx-Fe, y-Fe(C), carbon, and possibly with the cementite Fe3C.
The Co—Al—C system. One ternary compound C03AIC.,: with the
perovskite type of structure is formed in the Co—Al—C
system.163-164>166 The proportions of carbon in Co3AlC.v and
FejAlQc are approximately equal (x « 0.6).163-164 The carbide
Co3Ale* is formed via a peritectic reaction of CoAl with carbon
and aluminium melt. The ternary compound O^AIC, forms
pseudobinary equilibria with a-Co (more precisely, with the
limited solid solution of aluminium and carbon in cobalt), CoAl,
C, and probably with AI4C3.
The Ni—Al—C system. In the Ni—Al—C system, the nickel
aluminide Ni3Al [O13AU (LI2) structural type, space group
Pm3m(0l)] has an ordered cubic lattice and dissolves up to
7 at.% of carbon, the symmetry of the metallic lattice being
retained and the period of the lattice increasing from 0.3587 nm
to 0.3617 nm.163164 Thus, the Ni3AlCx phase is an interstitial
solid solution of carbon in M3AI. The structure of this solid
solution is characterised by the same distribution of atoms as in
the carbides M3AIC* with the perovskite structure, which has been
confirmed in a special study.168 The method of forming the
NiaAlQ, solid solution and its crystal structure (the Z.I2 type
with some of the octahedral interstices being filled with carbon
atoms) indicate that the compounds N^AIC^ with the perovskite
structure are interstitial compounds, like the cubic [with the
structure of the NaCl(Bl) type] carbides and nitrides MX,.
(y^l.OO).

It has been found168 that carbon is markedly soluble not only
in NiaAl, but also in NiAl. According to this study, on passing
from Ni3Al to NisAl(Ci.o), the period of the metallic lattice
increases from 0.3557 nm to 0.3583 nm.

3. The ternary M—Al—N aluminidonitride systems
The interest in the use of the compounds and heterophase
compositions formed in the M—Al —N systems as abrasives is
due to their high chemical stability and hardness. In addition, the
ability of the aluminium nitride A1N to retain its high mechanical
properties at elevated temperatures T > 1000 K makes the devel-
opment of construction materials based on it particularly
attractive, since these materials can be used under drastic
conditions, for example, in aggressive media, at high tempera-
tures, and under great loads.

The structural characteristics of the ternary phases formed in
the M—Al—N systems are listed in Table 10.
The Sc - A l - N system. All the alloys formed in the S c - A l - N
systems in which the concentration of scandium is more than
50 at.% contain the SC3AIN* ternary cubic phase with the
perovskite structure.185 The ternary compound Sc3AlNx is in
equilibrium with ScAl, SC2AI, ScN, and Sc(sol) (the solid solution
of Al and N in scandium). In addition, the following pseudo-
binary equilibria exist in the Sc—Al—N system: A1N—ScAU,
AIN-ScAb, AIN-ScN, ScN-ScAl2 , ScN-ScAl, ScN
-Sc(sol), and Sc2Al-Sc(sol) (Fig. 32a). The lattice period of
SC3AIN.V is 0.4396 nm (in equilibrium with ScAl and Sc2Al),
0.4405 nm [in equilibrium with Sc(sol) and ScN], and 0.4435 nm
(in equilibrium with ScN and ScAl). Scandium dissolves up to
15 at.% of nitrogen and more than 5 at.% of aluminium.
The Yl—Al—N system. According to Schuster and Bauer,185 there
are no ternary phases in this system at temperatures from 1073 K
to 1573 K. At 1273 K the yttrium nitride YN coexists with A1N,
YA12, YA1, and Y3AI2, whereas the aluminium nitride A1N
coexists with YA12 (Fig. 32*). At 1573 K the aluminides YA1 and
Y3AI2 disappear from the Y - A l - N system, the A1N + YN
+ YAI2 region being retained as the only solid three-phase region.
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Table 10. Some ternary phases in M - A l - N systems.

Compound

ScjAIN*

La3AlNr

Nd3AlN,r
Nd3AlNv

Sm3AlN*
Ce3Al(N)

Pr3Al(N)

Ti3AlN

Fe4N(Al)
(Fe3AlN)

Ni3Al(N)

Ti2AlNv

Ti3Al2N2

Zr3AlN
Hf3AlN
Zr3AlN

Hf3AlN
Zr5Al3Nx

(0.1 «x«0.S
Hf5Al3N,
Ta5Al3N,

Nb3Al2N

Symmetry and

type of structure

Cubic, the perovskite
CaTiO3 (£2,) type

it

t i

11

11

Cubic, a solid
solution of nitrogen in Ce3Al
[the Cu3Au(£l2) type]

Cubic, a solid
solution of nitrogen in Pr3Al
[the Cu3Au (Ll2) type]

Cubic, the perovskite
CaTiO3 (£2i) type

Cubic, a solid
solution of aluminium
inY-Fe4N(L'l)

Cubic (a solid
solution of nitrogen in Ni3Al
(the Cu3Au(Ll2) type)

Hexagonal (//-phase
the Cr2AlC type)

Trigonal
Monoclinic
11

Orthorhombic, the
type of filled Re3B

11

Hexagonal, the
») type of filled Mn5Si3 (/>88)

"
Tetragonal,

the Cr5B3(i>8/) type
Cubic, the 0-Mn type

a In the unit cell p = 106.39°. b In the unit cell 0 = 106.33°

Space

group

Pmim

Pmim
Pmim
Pniim
Pmim
Pmim

Pmim

Pmim

-

Pmim

Pbijmmc

Pile
-
—

Cmcm

Cmcm
P6i/mcm

Pdilmcm
IAjmcm

P4,i2

Z

1

1
1
1
1
1

1

1

1

1

2

2
-
—
4

4
2

2
4

4

Unit cell parameters / nm

a

0.4396-0.4435

0.507
0.4910
0.4939
0.4862
0.5008

0.4977

0.4120

0.380

0.380

0.2991-0.304

0.2988
0.5988
0.5901
0.3369

0.3319
0.8170-0.8240

0.8062
-

0.7031-0.7039

b

-
—
-
—
—

-

-

-

-

-

-
0.8966
0.8865
1.1498

1.1326
-

-
-

-

c

-
_
—
—
—

-

-

—

-

1.361-1.369

2.335
0.3367 s

0.3319 b

0.8983

0.8865
0.5655-0.5694

0.5603
-

-

Ref.

185

186
187
186
186
186

186

188

189

189

188,
190-192
188
193
194
195

195
193, 194

194
196

174, 196,
197

The Ln—Al—N systems. A study has shownl86 that there are no
ternary phases in the Ln - Al - N systems with Ln = Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu. In the La-Al -N, Nd-Al -N, and
Sm —Al —N systems, the Ln3AlN.r ternary phases with the
perovskite type of structure are formed, whereas in the
C e - A l - N and P r - A l - N systems, the Ce3AlNx and Pr3AlN.v
ternary phases based on the aluminides Ce3Al and Pr3Al with

structures of the Cu3Al (LI2) type are formed. The latter result
from filling of the octahedral interstices of the lanthanide
sublattice with nitrogen atoms.

Figure 33 presents the isothermal cross-section through the
P r - A l - N system at 873 K.186 The ternary compound Pr3AlN
coexists with PrAU, PrAl3, PrN, and Pr, the aluminium nitride

ScN

Al ScAl3

SC3AIN,

Sc

A1N YN

Al YA12 Y3AI2

A1N PrN

ScAl2 YA1

Figure 32. Isothermal cross-sections through the Sc—Al—N (a) and
Y - A l - N (A) systems at 1273K (dark areas indicate single-phase
regions).185

PrAL, / PrAl2 PrAl / Pr3Al

PrAlj PrjAl

Figure 33. Isothermal cross-section through the Pr—Al—N system at
873 K (pseudobinary equilibria marked by dashed lines are shown
conventionally).186
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AIN coexists with PrAU, PrAl3, PrAl2, and PrN, and PrAl2 is in
an equilibrium with PrN. The Pr3Al—Pr3AlNx pseudobinary
equilibrium is shown with a dashed line, because the ternary
phase is actually a solid solution of nitrogen in the aluminide
Pr3Al. The equilibria in the PrAl 4 -AlN-PrAl 3 and
PrAl2—Pr3AlNx —Pr3Al regions are shown arbitrarily and
require additional investigation.
The Ti—Al—N system. Numerous studies of the phase relation-
ships in the Ti—Al — N ternary system have shown that depending
on the temperature, two or three ternary compounds can exist in it
under equilibrium conditions. At 1273 K there are two ternary
phases Ti3AlN and Ti2AlN.188 The cubic phase Ti3AlN with the
perovskite structure (see Table 10) is iso-structural to the carbide
Ti3AlC159 and has a negligibly small homogeneity region. The
hexagonal Ti2AlN //-phase has been detected for the first time by
Jeitschklo et al.190 Its existence has been confirmed in other
studies.188-191192 This phase is isostructural to the analogous
Ti2AlC phase169-172 crystallising with the Cr2AlC type of
structure and, judging from the difference in the lattice para-
meters determined in a number of studies,188-19°-191 it possesses a
certain homogeneity region, which is defective with respect to
nitrogen. At 1273 K, the ternary cubic Ti3AlN phase coexists with
Ti3Al, TiNv, and Ti2AlN, whereas the Ti2AlN //-phase is in an
equilibrium with TiAl, Ti3Al, Ti3AlN, TiN,,, and AIN. In
addition, the AIN-TiAl, AIN-TiN,,, and TiN,,-Ti3Al pseudo-
binary equilibria exist in the Ti —Al —N system. The solubility of
aluminium in TiN,. is less than 2 at.%. The lower hexagonal
titanium nitride e-Ti2N does not form any equilibria with ternary
compounds or titanium aluminides; it coexists only with TiN,. and
with the solid solution of aluminium and nitrogen in oc-Ti.

Apart from Ti2AlN and Ti3AlN, the Ti3Al2N2 ternary phase
with a layered trigonal structure (see Table 10) arises in the
T i - A l - N system at 1573K. It coexists with AIN, TiN,., TiAl,
TiAl3, and Ti2AlN (Fig. 34) and exists in the narrow temperature
range 1473-1573 K.
The Zr —Al—N system. The phase equilibria in this system have
been studied.193-l95 The ternary compound Zr3AlN exists in the
Z r - A l - N system at 1273 K (see Table 10). Initially this com-
pound was believed to crystallise with a monoclinic symmetry;193

however, an X-ray diffraction structural study of its single
crystal195 has shown that Zr3AlN has an orthorhombic structure
of the Re3B type. The aluminium atoms in the compound Zr3AlN
are located at the centres of trigonal prisms formed by six

Al TiAl3 \ TiAl TijAl

TijAl,,

ct-Ti

P-Ti Ti

Figure 34. Isothermal cross-section through the Ti —Al —N system at
1573 K (dark areas denote single-phase regions).188

(/)Ti3AlN, C?)Ti2AlN, (J)Ti3Al2N2.

zirconium atoms, whereas the nitrogen atoms are arranged in the
weakly distorted octahedral interstices of the zirconium sublat-
tice. The formation of the second ternary phase ZrsAl3N.x is
associated with the stabilisation of the hexagonal structure of the
Mn5Si3 type with nitrogen; at 1273 K the nitrogen content in
Zr5Al3Nx is low (x < 0.2).

At a temperature of 1273 K the compound Zr3AlN exists in
equilibrium with AIN, Zr2Al3, ZrAl, Zr5Al3N.t (x < 0.2), ZrN,.,
and a-Zr(sol) (the solid solution of aluminium and nitrogen in
oc-Zr); the aluminium nitride coexists with ZrAl3, ZrAl2, Zr2Al3,
and ZrN,,; the ZrsAbN* phase exists in equilibrium with ZrAl,
Zr5ALi, Zr3Al2, ZrsAl3, Zr2Al, and a-Zr(sol); and ZrN, is in
equilibrium with ot-Zr(sol) (Fig. 35a). Note that in a study of the
Z r - A l - C system, Schuster and Nowotny177 did not find such
zirconium aluminides as Zr2Al, ZrsAU, and ZrsAl3, which have
been observed in the related Zr — Al — N ternary system.193

An increase in the temperature to 1573 K leads to a substan-
tial extension of the homogeneity region of the ZrsAl3N ternary
phase, which contains up to 10 at.% of nitrogen under these
conditions. At 1573 K the appearance of the phase diagram of the
Zr —Al —N system (Fig. 35i) changes somewhat, since
the ZrN,.-ZrAl2 , ZrN,.-Zr2Al3 , ZrN,,-Zr5Al3N, Zr2Al3

-Zr5Al3N, ZrAl-Zr5Al3N, and Zr5Al3N-p"-Zr(sol) pseudo-
binary equilibria arise [P-Zr(sol) is the solid solution of alumin-
ium in P-Zr].
The Hf—Al—N system. Only one stable ternary phase exists in
this system at 1273 K, namely, the HfjAIN phase with a
monoclinic structure determined using a powder.194 A single-
crystal X-ray diffraction study195 has shown that Hf3AlN has an
orthorhombic structure of the Re3B type. The Hf3AlN phase
coexists with HfN,, AIN, Hf2Al3, HfAl, Hf4Al3, Hf3Al2, and
<x-Hf(sol) (the solid solution of aluminium and nitrogen in
hafnium, Fig. 35c). The line connecting HfNv and a-Hf(sol)
confines the possible area of the existence of the nitrides
Hf4N3_.v and Hf3N2_*, which are unstable at 1273 K.

The X-ray diffraction patterns of the samples, the com-
positions of which corresponded to the Hf2Al3 —Hf3AlN—HfAl
region, exhibited an additional set of reflections due to a fourth
phase.194 In all probability, this phase exists in the equilibrium
state only at lower temperatures or is stabilised by admixtures.

Two ternary phases Hf3AlN and HfsAl3N exist in
the H f - A l - N system at 1673K (Fig. 35rf). The Hf5Al3N
phase has a structure of the MnsSi3 type; its unit cell parameters
(a = 0.8062 nm, c = 0.5603 nm) are smaller than those of the
analogous carbide phase HfsAl3C (a = 0.8120 nm, c =
0.5679 nm). It follows from the comparison of the unit
cell dimensions of Zr5Al3C and Zr5Al3N, Hf5Al3C and Hf5Al3N
that nitrogen occupies only some of the octahedral interstices of
the transition metal sublattice. It should be noted that the
HfsAl3N and Hf3AlN ternary phases have no homogeneity
regions.
The V—Al—N system. In the temperature range from 1273 to
1773 K no ternary compounds exist in this system, although the
attempts to synthesise the nitride V2A1N with a structure of the
//-phase have resulted in some cases in multiphase samples, the
X-ray diffraction patterns of which contained lines due to the
//-phase.198 However, the observed lattice parameters were close
to those of the carbide V2A1C //-phase. In addition, the sample
containing the //-phase was nonequilibrium and incorporated
more than three phases. The Vo.5oAlo.2sNo.25 alloy corresponding
to the ideal stoichiometric composition of the //-phase contained
only the nitrides VN,, and AIN even at a nitrogen pressure of
3 x 106 Pa. Thus, no ternary phases were detected in the
V—Al—N system in the experiment described above.198

At T= 1273 K the aluminium nitride AIN is in equilibrium
with VA13, V5A18, VN,., and V(sol) [V(sol) is the solid solution of
aluminium and nitrogen in vanadium]; VN,, and V9N4 exist in
equilibrium with V(sol). At 1573 K the cubic nitride VN,, does not
exist, therefore the AIN —V9N4 equilibrium arises. The V(sol)
solid solution existing in equilibrium with AIN and V9N4 has the
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A1N ZrNv

a-Zr(sol)

P-Zr(sol)

ZrAl2 ZrAl \Zr3Al2

Zr5ALi Zr5Al3 Zr2Al

A1N

HfAl2

Hf3Al2

Figure 35. Isothermal cross-sections of the Zr — Al — N system at 1273 K
(a)and 1573K(6)andoftheHf-Al-Nsystemat 1273K(c)and 1673K
(rf).193194 Dark areas denote single-phase regions; pseudobinary

A1N

Al ZrAl3/Zr2Al3

ZrAl2 ZrAl

A1N

A! HfAW Hf2Al3
x

HfAl2 HfAl Hf3Al2

equilibria marked by dashed lines are shown conventionally;
7*i = M3A1N, T2 = M5AI3N (M = Zr, Hf).

composition Vo.e7Alo.33. At 1773K the A1N + V9N4 + V(sol)
field is the main region where ternary phase equilibria exist. The
solubility of nitrogen in the V(sol) solid solution with high
aluminium proportions is low, but it increases markedly with the
decrease in the amount of aluminium. The homogeneity region of
the V(sol) solid solution expands with an increase in the tempera-
ture.
The Nb —Al —N system. The phase equilibria in the Nb—Al —N
system have been studied by Schuster and Nowotny.197 The
samples for the investigation were prepared by sintering Nb—Al
alloys with the nitrides A1N and NbN under an argon atmosphere.
Previously the ternary compound NbsAhN with a structure of the
P-Mn type has been found in this system.174196 According to
Schuster and Nowotny,'97 this compound is stable in the
temperature range from 1273 to 1773 K studied and melts
congruently. The compound NbsAbN exists in equilibrium with
A1N, Nb2N, NbAb, and Nb2Al; the nitride A1N is in equilibrium
with NbAb and with the niobium nitrides Nb4N3 and Nb2N; and
NbjN also coexists with NbjAl, Nb3Al, and the solid solution of
aluminium and nitrogen in niobium (Fig. 36a). The solubility of
Nb or Nb-containing compounds in A1N is negligibly small. The
compound NbsA^N has apparently a narrow homogeneity
region, since the period of its lattice varies from 0.70314 nm (in
equilibrium with Nb2Al and Nb2N) to 0.70387 nm (in equilibrium
with NbAl3 and Nb2Al).

The nitride NbN,. becomes stable at 1273 K, and the
A1N —NbN, equilibrium arises instead of A1N —Nb4N3. In all
other aspects, the phase diagram for the Nb—Al —N system at
1273 K is identical to that at 1773 K.

The Ta—Al—N system. The ternary compound TasAhN* with a
structure of the CrsB3 type having vacancies in the nitrogen
sublattice has been found in the Ta—Al —N system.196 However,
in another study197 no ternary compounds have been observed in
this system at temperatures from 1273 to 1773 K. The following
pseudobinary phase equilibria occur in this system at 1273 K and
1523K: AlN-TaAl 3 , AlN-Ta 2Al 3 (as the low-temperature
modification at 1273 K and as the high-temperature modification
at 1573K), AlN-Ta2Al, AlN-Ta 2 N, and AlN-s-TaN
(Fig. 366).

At low temperatures A1N coexists with tantalum, but the
reaction between A1N and Ta slowly yields Ta2N and Ta2Al. At
1773 K the major part of the ternary system is liquid, and the melt
is in an equilibrium with all the binary solid phases.
The Cr —Al—N system. This system contains no ternary phases
under the equilibrium conditions in the temperature range 1273 -
1773 K.198 The X-ray diffraction patterns of the samples, the
composition of which was close to C^AIN, exhibited reflections
corresponding to a ternary compound of this composition with a
structure of the //-phase. Nevertheless, an equilibrium //-phase
could not be detected in the Cr — Al — N system even at a nitrogen
pressure of 3 x 106 Pa. Four solid-phase equilibria exist in this
system at 1273 K, namely, AlN-CrAl 4 , AlN-Cr 4 Al 9 ,
AlN-Cr5Al8 , and AIN-a-Cr (a-Cr is the solid solution of
aluminium in chromium having the composition
Cro.58Alo.42 — Cro.98Alo.o2). Chromium is insoluble in A1N.
The Mo—Al —N system. Two solid three-phase fields
(Mo3Al8 + A1N + M03AI) and (M03AI + A1N + Mo) exist in
the Mo —Al —N system in the temperature range
1273-1773 K.198 Molybdenum is insoluble in A1N, and nitrogen
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a

N

Y-Nb4N3

P-Nb2N

M NbAl3 Nb2Al \

Nb3Al

Nb (solid solution)

Nb3Al2N

A1(L) TaAl3 Ta2Al3

Figure 36. Isothermal cross-sections of the Nb—Al —N system (a) at
1773 K and the T a - A l - N system (b) at 1523K (dark areas denote
homogeneity regions of binary phases and of solid solutions).197

is insoluble in the molybdenum aluminides. The molybdenum
nitride M02N becomes stable at low temperatures or at high
partial pressures of nitrogen (for example, at 1273 K and
1 x 106 Pa). The molybdenum nitride M02N apparently exists in
equilibrium with A1N. No ternary phases have been found in the
Mo—Al — N system.
The W—Al —N system. There are two pseudobinary solid-phase
equilibria, namely, AIN-WAU and AIN-W(sol) [W(sol) is the
solid solution of aluminium in tungsten], and no ternary com-
pounds in the W—Al — N system at temperatures from 1273 K to
1773K. The solubility of tungsten in A1N and the solubility of
nitrogen in WAU and W(sol) are negligibly small.
The Mn—Al—N system. No ternary phases exist in the
M n - A l - N system at 873 K; the Mn88.4Al9.8Ni.8 and
Mn68.1Al29.2N27 alloys studied have a cubic structure of the
P-Mn type with the periods a equal to 0.637 nm and 0.643 nm,
respectively, and the Mn75.9Al8.3Nis.8 alloy incorporates two
cubic phases, one of which has a = 0.900 nm and a structure of
the P-Mn type, and the other is characterised by a = 0.637 nm and
the a-Mn type of structure (the A12 structural type, space group
/43m).189

Schuster and Nowotny 198 also have not found any ternary
phases in the Mn — Al — N system at temperatures of up to 1273 K.
At 1073 K the nitride A1N coexists with MnAl4, Mn4Ali 1, MnAl,
p-Mn (the solid solution of aluminium in manganese), y-Mn (the
solid solution of aluminium and nitrogen in manganese), and with
the hexagonal nitride £-Mn2N. Neither solubility of manganese in
A1N or solubility of nitrogen in manganese aluminides was
observed, while y-Mn dissolves up to 10 at.% of aluminium and
8 at.% of nitrogen. The only solid-phase equilibrium existing at
1273 K is the equilibrium between A1N and P-Mn.

The Re—Al —N system. There are no ternary phases in the
Re —Al —N system in the temperature range from 1273 to
1773 K at a nitrogen pressure of 2xlO7Pa.198 At 1273 K
aluminium nitride exists in an equilibrium with ReALi, ReAb,
ReAl, Re2Al, and Re. Only two aluminides ReAU and Re2Al
coexisting with A1N are stable at 1773 K.
The Fe - Al - N system. No ternary compounds were found in this
system after nitriding the metal alloys at 873 K.189

The Fes7Ali9N24 (FesAlNi + .v) alloy contains only the hexagonal
iron nitride e-Fe3N with the parameters a = 0.276 nm and
c = 0.442 nm and contains no aluminium nitride A1N. The alloy
of the composition Fe63.9Al2i.3Ni4.8 (Fe3AlNi_x), apart from
6-Fe3N (a = 0.273 nm, c = 0.438 nm), incorporates also the
cubic austenite y-Fe (the Al structural type, space group Fm'im)
with a = 0.356 nm. The main phases in the Fe35.8Al35.8N28.4
(FeAlNi_.v) alloy are the hexagonal nitrides s-Fe3N
(a = 0.273 nm, c = 0.439 nm) and A1N. Finally, the cubic iron
nitride y'-Fe4N (the L' 1 structural type) with the unit cell period
a = 0.380 nm and the hexagonal aluminium nitride A1N
[the wurtzite ZnS (B4) structural type, space group P63mc] are
present in the alloy of composition Fe43.iAl43.iNi3.8 (FeAlNo.32).
The results obtained by Stadelmaier and Yun 189 indicate that
y'-Fe4N dissolves substantial amounts of aluminium, and the
homogeneity region is extended forming a ternary system.
The Co—Al—N system. There are no ternary compounds in this
system.189 The aluminium nitride is in an equilibrium with oc-Co
and with the only stable cobalt aluminide P-CoAl.
The N l - A l - N system. In this system, the dissolution of up to
8 at.% of nitrogen in the cubic nickel aluminide Ni3Al (the LI2
structural type, a = 0.358 nm) leads to the formation of the
ternary cubic phase Ni3AlNx (the Z/l2 structural type) with the
lattice period a = 0.380 nm.189

4. The ternary M —Al — Si aluminidosilicide systems
The ternary systems of transition metals with silicon and
aluminium have been studied with regard to their resistance to
oxidation at high temperatures and the possibility of using them
for protective coatings. A characteristic feature of M - A l - S i
systems is the ability of aluminium and silicon atoms to substitute
each other, which leads to continued solid solutions (or limited
solid solutions with high mutual solubilities) of silicides and
aluminides. In particular, continued or limited solid solutions
arise in those systems where the silicides MSi2 and MsSi3 are
formed. Virtually no ternary phases with filled structures of the
MnsSi3 type, which are highly typical of the M —B —Si,
M - S i - C , M - S i - N , M - A l - C , and M - A l - N systems, are
produced in the M — Al — Si systems. Nevertheless, ternary phases
with the Mn5Si3 type of structure and with vacant octahedral
interstices appear in the Zr—Si and Hf — Si systems in the presence
of aluminium.

The structural characteristics of the ternary phases formed in
the M — Al — Si systems are listed in Table 11.
The Ti—Al—Si system. The phase equilibria and the crystal
structures of the compounds formed in this system have been
studied in a number of works.199"201 The alloys were prepared by
sintering the powders and were annealed at 1473 K. The
(Ti,Si)2-3Al ternary phase with a structure of the Mg3Gd (BiF3)
type was found in the Ti—Al — Si system. The homogeneity region
of this phase is located from TJ2A1 to Ti3Al, and it dissolves up to
5 at.% of silicon. A slight amount of silicon (no more than
2 at.%) is also dissolved in the y-TiAl solid solution [the
CuAu(Ll0) structural type, space group P4/mmm]. A limited
substitution solid solution containing up to 12 at.% of silicon is
also formed based on the tetragonal aluminide TiAU (the DO22
structural type, space group I4/mmm). The orthorhombic dis-
ilicide TiSi2 (the C54 structural type, space group Fddd) dissolves
up to 5 at.% of aluminium. The hexagonal disilicide TisSi3 with
the MnsSi3 type of structure also dissolves up to 5 at.% of
aluminium, some of the aluminium atoms substituting the silicon
atoms and the rest filling the octahedral interstices. The ternary
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Table 11. Some ternary phases in M - A l - S i systems.

Compound Symmetry and
type of structure

Space
group

Unit cell parameters / nm Ref.

TiAl.vSi2-v
(* = 0.3-0.6)
[Ti(Si, Al)2]

Ti2AlSi3

Ti2AlSi3

Ti7Al5Sii2

Ti2_3Al(Si)

Zr(Si,Al)
(ZrAlO3Sio.7)

Zr(AI,Si)3

Zr2Al5Si
Zr3Al4Si5

Zr2Al-Zr2Si

Zr5Al3-Zr5Si3

Zr(Al)Si2

HfAlo.35Sio.65

Hf5(Si,Al)3

Hf2Al-Hf2Si

VAl.vSi2-.v
(x = 0-0.7)

NbAlo.6Sii.4
[Nb(Si,Al)2]

Nb5AlvSi3_Y

(x= 1.8-1.4)
[Nb5(Si,Al)3]

TaAlvSi2-v

(x = 0-0.9)
[Ta(Si,Al)2]

Cr4Al13Si4

M0AI1.3S10.7

MoAlvSi2_.T

(.Y = 0.3-1.0)
[Mo(Si,Al)2]

MoAISi
Mo(Si,Al)2

Mo3Al-Mo3Si

[Mo3(Al,Si)]
WAl.vSi2-.v

(x = 0.6-1.4)
[W(Al,Si)2]

Orthorhombic (pseudo- Cmcm
tetragonal),
the ZrSi2 (C49) type

Orthorhombic, Cmcm
the ZrSi2 (C49) type

Tetragonal, —
the ZrSi2 (C49) type

Cubic, Fmbm
the BiLi3 [BiF3 (£>03)] type

Orthorhombic, Cmcm
the CrB [£/(S33)] type,
high-temperature

Orthorhombic, Pnma
the FeB (527) type,
low-temperature

Tetragonal, I4/mmm
the TiAl3 (£022) type

" IAjmrnm
Tetragonal I4\/amd
Tetragonal, I4/mcm

the CuAl2 (C16) type, CSSS a

Hexagonal, P6)/mcm
the Mn5Si3 (O88) type

Orthorhombic, Cmcm
the ZrSi2 (C49) type,
LSSaof AlinZrSi2

Orthorhombic, Cmcm
the CrB [S/B33)] type

Hexagonal, P6i/mcm
the Mn5Si3 (£>88) type

Tetragonal, 14/mcm
the CuAl2 (C16) type, CSSSa

Hexagonal, P6222
the CrSi2 (C40) type,
LSSaofAlinVSi2

Orthorhombic, Fddd
the TiSi2 (C54) type

Tetragonal, T4/mcm
the W5Si3 (D%m) type

Hexagonal, f6222
the CrSi2 (C40) type

Hexagonal, —
the Mn3Al9Si type

Orthorhombic, Fddd
the TiSi2 (C54) type

Hexagonal,
the CrSi2 (C40) type

Tetragonal, 14/mmm
the a-MoSi2 (Cl U) type,
LSSaofAlinMoSi2

Cubic, Pmln
the W3O(A 15) type, CSSS

Cubic, Pm3n
theW3O(/415)type

Hexagonal, P6222
the CrSi2 (C40) type

0.3590-0.3618 0.3590-0.3618 1.3517

2

2

4

2

4

4

2

4

3

0.5520

0.392-0.400
0.371

0.372

0.3714

0.8239

0.4618-0.4722

0.4709
0.3199

0.4923

0.4696-0.4741

1.473

0.9890

0.4566-0.4608

0.8402 0.4901

1.016-1.021 -

0.4773-0.4800

0.4783

0.9008

199,200

4

4

4

4

0.3635

0.360

0.3570-0.3645
-

0.3762-0.3788

1.419

0.360

-

0.9912-1.007

0.3613

1.353

2.715-2.865
-

0.3754-0.3788

201

201

201
199,

200.

200

202

200, 202

200, 202

0.8938-0.8960
2.935
-

-

0.3663

0.3754

-

-

0.6372-0.6439

0.8794

0.508

0.6558-0.6635

-

0.8758

0.6563

0.6556
0.7847

-

-

0.6556-0.6615

201
201
201

200, 201

201

200, 202

200

200,202

203, 204

204, 205

204, 205

206

207

199

208, 209

210
209,210

210

210

206
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Table 11 (continued).

Compound Symmetry and

type of structure

Space

group

Z Unit cell parameters / nm

a b c

A I Gusev

Ref.

Mn3Al2Si4

(MnAlo.75Sio.2s)
Mn3Al4Si2

(MnAli.3Sio.7)
p-Mn3Al9Si
Mn3Al9Si
Mn3AlSi5

ot-Mn3Al2]Si5
y-Mn2Al2Si
5-Mn(Si,Al)4

Fe2Al9Si2

(FeAlsSi,
m-AlFeSi)

FesAl20Si2

(Fe3Al,2Si,
c-AlFeSi)

Fe5Al20Si2

(a-AlFeSi)
a-AlFeSi

(Fe5Alt9Si2)
7-AlFeSi

(Fe,8Al6oSi22)
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cell of the aluminosilicide FesAl2oSi2 incorporates 138 atoms (100 aluminium atoms, 24 iron atoms and 14 silicon atoms). d In the unit cell a :
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pseudotetragonal (orthorhombic) TiAlo.3-o.6Si1.7-1.4 phase
[Ti(Si,Al)2] has a structure of the ZrSi2 type and possesses a
significant homogeneity region.

A titanium silicide containing ~45 at.% of silicon and
dissolving considerable amounts of aluminium has also been
found. This compound has been reported to be a solution of
aluminium in TisSi4.201 The same authors 201 also showed that the
orthorhombic silicide TiSi [the FeB (B27) structural type, space
group Pnma] dissolves up to 8 at.% of aluminium. One more
unknown ternary compound has been detected near the Ti(Si,Al)2
ternary phase;200 its composition has been determined as
Ti7Al5Si12.

201 This compound is stable at least up to 1173K;
with allowance for the data of Schob et al.,200 it is stable up to
1473 K.
The Zr—Al—Si system. The phase equilibria in the Zr—Al —Si
system have been studied at 973 K201 and at 1273-1473 K.200-202

Two ternary phases exist in this system at 1473 K, namely, the
orthorhombic Zr(Si,Al) phase and the tetragonal Zr(Al,Si)3
phase. The ideal composition of the ternary tetragonal phase
was determined 201 to be Z^AlsSi. One more ternary compound

with a narrow homogeneity region was found in this
system at 973 K.

Continued solid solutions are formed in this system over the
Zr2Al—Z^Si pseudobinary cross-section. It has been reported 200

that the mutual solubility of the components over the
ZrsAb — ZrsSi3 cross-section is absent only in a narrow region
near ZrsSi3; according to another study,201 the mutual solubility is
infinite. Limited solid solutions of silicon in ZrAb (up to 5 at.%)
and of aluminium in ZrSi2 (up to 8 at.% 200 or up to 24 at.% 201)
are also formed in the Zr—Al — Si system.

At 973 K aluminium is highly soluble in the silicide ZrSi
substituting both zirconium and silicon up to the composition
Zro.33Alo.33Sio.34. The high-temperature modification of this
solution has the CrB type of structure, whereas the low-tempera-
ture modification crystallises with the FeB type of structure.
The Hf — Al — Si system. The isothermal cross-section through the
H f - A l - S i system at 1473K has been constructed.200 The
ternary compound Hf(Si,Al) (HfAlo.35Sio.65) with the orthorhom-
bic structure of the CrB type was found in this system. A
continuous series of solid solutions is formed over the
Hf2Al —Hf2Si pseudobinary cross-section. The Hfs(Al,Si)3
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ternary phase with a structure of the Mn5Si3 (DSg) type possesses
an extended homogeneity region, although there are no com-
pounds M5X3 with the MnsSi3 type of structure in the Hf — Al and
Hf—Si binary systems. Thus, in the presence of aluminium, there
is no need for boron, carbon, or nitrogen admixtures to stabilise
the DS& structural type. The silicide Hf3Si2 dissolves aluminium
yielding a solid solution of the composition HftAlo.sSii.s. Limited
solid solutions of silicon (up to 10 at.%) in HfAl3 and of
aluminium (up to 10 at.%) in HfSi2 are also formed. The
Hf(Si,Al) ternary phase with a structure of the CrB type is in an
equilibrium with HfAb (the ZrAl3 type) and with the silicides
Hf3Si2 and HfSi.
The V —Al —Si system. No ternary compounds have been found
in the V — Al — Si system.203-204 Vanadium disilicide VSi2 dissolves
substantial amounts of aluminium, which substitutes silicon thus
yielding a limited solid solution with the CrSi2 (C40) type of
structure. The composition of the solid solution with the highest
aluminium content can be written as V(Sio.67Alo.33)2- The unit cell
parameters of the solid solution increase with an increase in the
content of aluminium.
The Nb—Al —Si system. There are two ternary phases in the
N b - A l - S i system at 1673 K, namely, Nb5(Al,Si)3 with a
tetragonal structure of the W5Si3 (DSm) type and Nb(Si,Al)2 with
an orthorhombic structure of the TiSi2 (C54) type.204-205 These
phases are in equilibrium with each other and have homogeneity
regions in which silicon is substituted by aluminium. The
tetragonal silicide NbsSi3 with the CrsB3 (Z>8/) type of structure
dissolves up to 18 at.% of aluminium; further increase in the
aluminium content leads to the transition from the Nbs(Si,Al)3
substitution solid solution with the Cr5B3 type of structure to the
Nbs(Al,Si)3 ternary phase with the WsSi3 structure. A substitution
solid solution containing up to 10 at.% of aluminium is also
formed based on the silicide NbSi2 with the CrSi2 (C40) structure.
The aluminide NbsAl [the W3O (A 15) structural type, space group
Pm3n] dissolves up to 7 at.% of silicon thus yielding a substitution
solid solution. The ternary cr-phase containing up to 2 at.% of
silicon may be regarded as a solid solution of silicon in niobium
aluminide in the region between Nb2Al and Nb3Al.
The Ta — Al — Si system. The isothermal cross-section through the
Ta—Al — Si system at 1673 K has been constructed.206 No ternary
compounds were found in this system. On the basis of tantalum
silicides, limited solid solutions are formed in which silicon is
substituted by aluminium: Ta2Si dissolves 9 at.% of Al; TasSi3

with the \V5Si3 structure dissolves up to 20 at.% of Al (as a
consequence, the unit cell parameters of TasSi3 increase some-
what); and TaSi2 with a structure of the CrSi2 (C40) type dissolves
more than 20 at.% of aluminium. A solid solution with a low
silicon content (up to 2 at.%) is formed on the basis of the o-phase
having the homogeneity region from Ta2Al to Ta3Al.
The Cr-Al - S i system. The phase equilibria in the C r - A l - S i
system have been studied at 1573K.204 There are no ternary
compounds in this system, but the silicides C^Si [the W3O (A 15)
structural type], Cr5Si3 [the W5Si3 (£>8m) structural type], and
CrSi2 dissolve 12, 7, and 22 at.% of aluminium, respectively. The
solid solutions resulting from the substitution of silicon by
aluminium retain the crystal structures of the chromium silicides.
The extended solid solution of aluminium in chromium also
dissolves up to 4 at.% of Si. It has been reported207 that the
ternary cubic compound Cr4AlnSi4 having a homogeneity region
is formed from the Cr—Al —Si melt (see Table 11). This com-
pound is stable at temperatures below 870 K, and at 870 K it melts
incongruently.

The Mo—Al—Si system. The phase equilibria and the ternary
phases existing in the Mo—Al —Si system have been studied by a
number of authors. 199'204i208~210 Two ternary compounds were
found: Mo(Si,Al)2 with the hexagonal structure of the CrSi2 (C40)
type, having a broad homogeneity region from MoAlo.3Sii.7 to
MoAISi, and Mo(Si,Al)2 with a rhombic structure of the TiSi2
(C54) type and a narrow homogeneity region (see Table 11). A
continuous series of cubic solid solutions with the ,415 type of

structure are formed over the Mo3Al —Mo3Si pseudobinary
cross-section. The silicide MosSi3 dissolves up to 12 at.% of
aluminium, which substitutes silicon. The limited solid solution
of aluminium in MosSi3 with the highest content of aluminium
(Mo5Si2Al) exists in equilibrium with a solid solution of the
composition M03Alo.77Sio.23 from the Mo3Al —Mo3Si continu-
ous series of solid solutions.
The W—Al — Si system. The isothermal cross-section through the
W - Al - Si system at 1773 K has been reported.206 The tetragonal
silicides W5Si3 and WSi2 dissolve 4 at.% and 15 at.% of
aluminium, respectively, thus forming the Ws(Si,Al)3 and
W(Si,Al)2 limited solid solutions; a limited solid solution of
aluminium and silicon in tungsten also exists in the W—Al —Si
system. In addition, there exists the W(Al,Si)2 hexagonal ternary
phase with the CrSi2(C40) structure. It possesses a broad
homogeneity region from WAlo.6Sii.4 to \VAl1.4Sio.6, the unit cell
parameters increasing as the content of silicon decreases (see
Table 11). The W(Al,Si)2 hexagonal ternary phase is in equilib-
rium with aluminium and silicon, with the Ws(Si,Al)3 and
W(Si,Al)2 limited tetragonal solid solutions [the a-MoSi2 (Cl U)
structural type], and also with WAI2 and with tungsten [more
precisely, with the limited solid solution of aluminium (~2 at.%)
and silicon (~ 8 at.%) in tungsten].
The Mn — Al—Si system. Six ternary phases exist in this system at
1073 K,211 namely, y-M^AbSi, MnAli.3Si0.7 (near Y-Mn2Al2Si),
MnAlo.75Si1.25 (Mn3Al2Si4) with the CrSi2(C40) type of structure,
a-Mn3Al2iSis, 8-Mn(Si,Al)4, and Mn3Al9Si with a hexagonal
structure (see Table 11). The Mn3Al9Si ternary phase results from
the dissolution of silicon in Mn3Alio and is apparently an ordered
solid solution of silicon in this compound [silicon atoms replace
only those aluminium atoms, which occupy the 2(a) sites]. It has
been shown211 that MnSi dissolves up to 3 at.% of aluminium;
however, in another study,201 the solubility of aluminium in MnSi
has been found to reach 20 at.%. The silicide Mn3Al9Si exists in
an equilibrium with y-M^A^Si, Mn3Al2Si4, and 8-Mn(Si,AI)4.
The Mn3Al2Si4 ternary phase forms pseudobinary equilibria with
y-Mn2Al2Si and 5-Mn(Si,Al)4, whereas 8-Mn(Si,Al)4 is in an
equilibrium with a-Mn3Al2iSi5.
The Fe - Al - Si system. The Fe - Al - Si system has been studied
repeatedly. The superstructure Fe3(Al,Si) has been discovered in
the homogeneity region of the solid solution of aluminium and
silicon in iron.216 The solid solution of iron and silicon in
aluminium is in equilibrium with two ternary phases: FesAl2oSi2
(which has also been written as FesAli9Si2, Fe3Ali2Si, and oc-
AlFeSi) with a cubic213-214 or hexagonal215 structure and the
monoclinic213 Fe2Al9Si2. Other ternary phases are also known
(see Table 11).

The compounds FeAUSi2 and FeAl3Si2 ought to be identical,
in view of the similarity of their unit cell dimensions. However, it
has been found217 that the lattice of FeAbSi2 is a superstructure
with respect to the tetragonal disordered phase of the same
composition isostructural to PdGas.

The great number of ternary compounds with similar compo-
sitions and close unit cell dimensions indicates that the majority of
the ternary phases in the Fe — Al — Si system possess homogeneity
regions. It is of interest that most of the ternary phases contain
from 14 at.% to 25 at.% of iron.
The Co—Al —Si system. Two ternary phases have been found in
this system:218 C03AI3S14 with a cubic structure of the Ir3Ge7(Z>8/)
type and Co2AlSi2 with a hexagonal structure (see Table 11). In all
probability, the Co2AlSi2 ternary phase exists in equilibrium with
CoSi and Co3Al3Si4. Judging by the substantial alteration of unit
cell parameters, Co2AlSi2 possesses a noticeable homogeneity
region. The cobalt atoms in the Co3Al3Si4 cubic ternary phase
occupy the 12(e) sites, while the aluminium and silicon atoms are
likely to be statistically distributed among the I2(d) and 16(/)
sites; the predominant location of the aluminium atoms at the
\2(d) sites, with the silicon atoms filling predominantly the 16(/)
sites, should lead to a superstructure based on the Ir3Ge7
structural type.
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The Ni —AI—Si system. Three ternary phases exist in this system
at 1000 K:219'220 Ni4AlSi (there is no information concerning its
structure), NiAlo.sSio.s, and Ni3(Al,Si)7 with a high content of
aluminium (see Table 11). The NiAlo.sSio.s ternary phase is in
equilibrium with all the nickel silicides, with the aluminide NiAl,
and with the Ni3(Al,Si)7 and Ni4AlSi ternary phases; Ni4AlSi is in
equilibrium with the aluminides NiAl and NisAl and with the
silicide Ni3Si, and Ni3(Al,Si)7 coexists with silicon, aluminium,
NiAl3, Ni2Al3, and NiSi2. At temperatures above 1370 K all the
alloys in the Ni—Al—Si system containing less than 50 at. % of Ni
are in the molten state.

VI. Phase equilibria in X — X' — X" ternary systems
(X, X', X" = B, C, N, Si, Al)

The overwhelming majority of the currently existing oxygen-free
ceramic materials are multicomponent systems and, apart from
metals, they contain such elements as B, C, N, Si, or Al. Therefore,
for understanding the equilibria in complex multicomponent
systems, it is important to know what compounds and phase
equilibria exist in simpler ternary systems formed by boron,
carbon, nitrogen, silicon, and aluminium. The X—X'—X"
ternary systems (X, X', X" = B, C, N, Si, Al) are constituents of
M—X—X' —X" four-component systems containing transition
metals M. The X —X' —X" ternary systems have not been
adequately studied so far, and phase diagrams have not been
constructed for all of them. The crystal-chemical characteristics of
the ternary compounds found in these systems are listed in
Table 12.
The S i - B - C system. The phase equilibria in the S i - B - C
system have been studied at temperatures of 1973 K and
2173 K.229 At these temperatures, the silicon carbide SiC exists in
an equilibrium with the silicon melt, with the boride SiB6, and
with the carbides B4C and B13C2; and the boron carbides coexist
with SiB6 and SiBi2+* (Fig. 37a). The SiC-B4C pseudobinary
cross-section is an eutectic system. The composition of the
eutectics is close to SiBsC2 and its melting point is ~2530K.
These data are in good agreement with the results obtained by
Dokukina et al.230 As the temperature increases to 2273 K, the
SiC —SiB6 equilibrium disappears, and the carbide B13C2 coexists
with the silicon and boron melt (Fig. 37Z>).

The authors of a number of studiesS1-229- 23° of the Si - B - C
system have not found the ternary compounds SiBsC2 and
Si2B3C2, which have been reported by Portnoi et al.231

The S i - C - N system. The phase equilibria in the S i - C - N
system have been studied at 1900K and 2000 K at a nitrogen
pressure of 1 x 105 Pa.232-233 At 1900K the silicon nitride Si3N4

exists in equilibrium with the silicon carbide SiC, cyanogen C2N2,
and carbon (Fig. 37c). As the temperature increases, the nitride
Si3N4 reacts with carbon yielding the carbide SiC; therefore, the
SiC-C 2N 2 equilibrium arises instead of S i 3 N 4 -C (Fig. 31d).
The carbide P-SiC forms the nitride Si3N4 on heating in nitrogen
[ r=2273K,p N 2 = ( l - 3 0 ) x l 0 5 P a ] . 2 3 2

The possible phase equilibria involving the carbon nitride
P-C3N4 are shown by the dashed lines in the isothermal cross-
sections through the Si—C—N system (Fig. 37c,d). This com-
pound, the existence of which had been predicted,26 '28234 has
been recently discovered experimentally.20

Data concerning the existence of the ternary compounds
Si2C2N and Si3C3N have found no support. A number of
researchers, who have studied this system, have not found any
silicon carbonitrides.232-233'235

The Al—Si—C system. Several ternary compounds have been
found in this system (see Table 12). However, these data are very
contradictory. For example, the existence of two modifications a-
and P-Al4SiC4 has been reported.236 Later the existence of
a-Al4SiC4 has been confirmed;225-228-237 however, the
P-modification was not found. The ternary compound Al4Si2Cs
has been reported by Inoue et al.;225-226 however, it was not
detected in another study.228 The hexagonal carbosilicide AlsSiC7
has been observed.227'228 The aluminium carbosilicides Al4SiC4

and AlgSiC7 were found to decompose incongruently at 2353 and
at 2358 K, respectively.228 Both ternary compounds are formed
with great difficulty at relatively low temperatures (below
1800 K).

The isothermal cross-sections through the Al —Si —C system
at 900 and 2273 K are presented in Fig. 37e,/. At 900 K (below the
melting point of aluminium), silicon carbide exists in equilibrium
with Al4SiC4 and Al, A14C3 coexists with AlsSiC7, and the ternary
compounds are in equilibrium with each other, and also with
carbon and aluminium (see Fig. 37e). When the liquid phase
appears, silicon carbide and aluminium carbosilicides coexist
with the aluminium melt (Fig. 37/).

Table 12. Some ternary compounds in the Al — B — C, Al — C — N, and Al — Si — C systems.

Compound

AI3B48C2

A13B48C2

A13B48C2

AIB24C4
AI2.1B51C8
AIB40C4
A18B4C7
AI5C3N
A16C3N2

A17C3N3

A18C3N4

Al9C3N5
a

Al,0C3N6
a

ot-Al4SiC4

Al4Si2C5

Symmetry and

type of structure

Orthorhombic
n

Tetragonal,
high-temperature

Orthorhombic
n

Hexagonal

Hexagonal
Trigonal
Hexagonal
Trigonal
Hexagonal
Trigonal
Hexagonal
11

Space group

Cmma
Ammm
P4/mmm

Bbmm
Cmcm
Rim
•P63em

P63wc
Kim
P63mc
Rim
P6]inc
Rim
Pbimc
Rim

Z

2
2
1

2
2
1
3
2
3
2
3
2
3
2
3

Unit cell parameters / run

a b

1.234 1.263
0.617 1.263
0.882

0.888 0.910
0.5690 0.8881
0.5642
0.5906
0.3281
0.3248
0.3226
0.3211
0.3197
0.3186
0.3277
0.3251

c

0.508
1.016
0.509

0.569
0.9100
1.2367
1.5901
2.167
4.003
3.170
5.508
4.169
7.000
2.1676
4.0108

Ref.

28
28
28

221
222
223
224
25
25
25
25
25
25
225
225, 226

Al8SiC7 " - 1 0.3313 - 1.9242 227,228

a The carbonitrides Al9C3Ns and Ali0C3N6 have not been observed experimentally, their hypothetical structural characteristics have been reported.25
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SiBi4 A B13C2

B4C

Si3N4
P-C3N4

(C2N2)

Si SiC Si SiC Si SiC

Si3N4 P-C3N4
(C2N2)

Si SiC

T2

Si SiC

Figure 37. Isothermal cross-sections of ternary systems of silicon with
boron, carbon, nitrogen, and aluminium (dark areas denote single-phase
homogeneity regions), (a) the S i - B - C system at 1973K; (b) the
S i - B - C system at 2273K; (c) the S i - C - N system at 1900K,

Pn2 = 1 x 105 Pa; (d) the S i - C - N system at 2000K,/?N, = 1 x 105 Pa;
(<?) the A l - S i - C system at 900 K; (/) the A l - S i - C system at 2273 K;
Tx = Al4SiC4, T2 = Al8SiC7.

The S i - B - N system. The silicon nitride Si3N4 in the S i - B - N
system at temperatures below 1700K coexists with the boron
nitride BN and the boride SiB6; the BN-SiBi2 + .x(SiBi4)
pseudobinary equilibrium also exists (Fig. 38a).
The Al —Si —N system. The isothermal cross-section through the
A l - S i - N system at 873 K is presented in Fig. 38*.238 The
aluminium nitride A1N exists in equilibrium with Si and Si3N4;
however, the Si3N4—Al metastable equilibrium should also be
taken into account. Its existence is caused by the following: the
interaction of Si3N4 with aluminium leads to the appearance on
the surface of aluminium grains of an A1N film, which acts as a
diffusion barrier and prevents further occurrence of the reaction

BN A1N

Si S13N4 N Si Si3N4 N

Figure 38. Isothermal cross-sections through the Si — B — N system (a) at
1700K (the dark area denotes the single-phase homogeneity region of
Si B12 + v) and through the Al - Si - N system at 873 K (b) (the dashed line
marks a metastable equilibrium).

even during prolonged annealing. No ternary compounds have
been found in the Al — Si — N system.
The Al — B — C system. Several aluminium borocarbides have been
found in this system (see Table 12). In all probability, the ternary
compound AI8B4C7 exists in equilibrium with the carbide AI4C3
and also with aluminium and carbon. The AIB24C4 phase
observed by Will,221 has the composition Ab.jBsiCg, according
to Perotta et al.222 The AI3B48C2 phase exists at high temperatures
as a tetragonal modification, which decomposes to two related
orthorhombic phases of the same composition at T < 800 K (see
Table 12).
The Al —C —N system. The carbide AI4C3 and the aluminium
nitride A1N in the Al —C —N system form several ternary
compounds, namely, aluminium carbonitrides (Al4C3)(AlN)n,
where n = 1-4 (see Table 12). The structures of aluminium
carbonitrides have been studied.25 The aluminium atoms in these
ternary compounds form close-packed planes, the carbon and
nitrogen atoms being arranged between these planes (the carbon
atoms occupy the tetrahedral or octahedral interstices, while the
nitrogen atoms populate only tetrahedral interstices). Thus, the
AI2C2, AI2C, and A1N layers can be distinguished in the structure
of aluminium carbonitrides. It has been suggested25 that two
other ternary compounds AI9C3N5 and AI10C3N6 also exist (see
Table 12).

Aluminium carbonitrides are in equilibrium with aluminium
and carbon as well as with the carbonitrides closest to them;
AI5C3N is also in equilibrium with AI4C3, and AI8C3N4 coexists
with A1N.
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VII. Conclusion
The thermodynamic state of a multicomponent system containing
several phases is described by a set of equations of state <p{c,p,T)
characterising each of the phases. The numerical values of the c,p,
and T parameters unambiguously determine the state of the
system, which is represented graphically as a point in the three-
dimensional c, p, T system of coordinates. If two of these
parameters are known, the third one can be found from the
equation of state. This means that to determine the state of the
system, it is sufficient to find the position of the figurative point in
a two-dimensional system of coordinates, usually in the
c,7"-coordinates. This graphical representation of the equation of
state of a system is its state diagram.

The real equations of state of multicomponent systems are
unknown; therefore, the state diagrams are of great importance.
By virtue of these diagrams, the actual relationship between the
physical and chemical parameters determining the state of the
system can be clearly represented on the basis of experimental
data. Each characteristic of the system varies continuously as a
function of one or several parameters within the limits of a
particular phase region. The boundaries of phase regions are
represented by singular points (inflection, break, or discontinuity
points, cusps, etc.). Hence it is obvious, how important it is to
know the positions of phase boundaries, which are the main
information provided by state diagrams.

The problem of constructing state diagrams has been solved at
present to a very small extent. In particular, no more than 5% of
the state diagrams of ternary systems are known. In the present
review, the author has attempted to generalise and to make
available the results of experimental studies of the phase equili-
bria in the M - X - X ' and M - A l - X ternary oxygen-free
systems (M is a transition metal, X, X' are B, C, N, Si), which
provide a basis for the development of new ceramic materials.

The greatest contribution to the systematic studies of phase
diagrams of the ternary systems considered was made by scientists
of the Austrian school: H Nowotny, W Jeitschko, F Benesovsky,
E Rudy, P Rogl, J Schuster, and their colleagues.

It follows from the analysis performed that the interaction of a
transition metal with the two other components of a M — X—X' or
M—Al—X ternary system is often accompanied by the formation

of one or several ternary phases. This leads to a substantial
complication of the phase equilibria, to the appearance of a large
number of phase boundaries, and to the splitting of the state
diagram into many phase fields. The allowance for these data will
permit researchers to carry out the target-directed synthesis of
compounds and heterogeneous compositions with specified
properties.

The analysis of the crystal structures of the ternary com-
pounds formed in the M—X —X' or M—Al—X systems consid-
ered has shown that an ideal or a distorted octahedron built of six
transition metal atoms M is the main structural unit of the
majority of these compounds. The octahedral interstice can be
either occupied by an interstitial nonmetal atom X (B, C, N) or
vacant. The possibility of the complete or partial population of
the octahedral interstices causes the existence of the homogeneity
regions (fairly broad or narrow) for many ternary compounds.
Those of the considered ternary compounds, which incorporate
the XM6 octahedral units and possess homogeneity regions,
constitute an extensive group of ternary nonstoichiometric inter-
stitial compounds, which are related to the binary nonstoichio-
metric interstitial compounds MXy and NhX^ (X = C, N) with
structures of the NaCl (51) and W2C (Z/3) types. The ternary
nonstoichiometric interstitial compounds have looser structures
than the binary compounds, due to the presence of the third
element, i.e. the Vjn volume, which corresponds to one atom in the
ternary compounds, is greater than in the binary compounds (Kis
the unit cell volume and n is the number of atoms in the unit cell).

In this connection, it is of interest to compare various carbide
and nitride phases of the same transition metal differing in the
X/M ratio of the atomic concentrations of the interstitial element
and the metal. The titanium compounds, namely, the cubic
TisAlC and TJ3A1N with the perovskite type of structure; the
hexagonal Ti2AlC and Ti2AlN with a structure of the Cr2AlC
type; the hexagonal carbosilicide Ti3SiC2 and the trigonal alumi-
nidonitride Ti3Al2N2; the cubic carbide TiCi.o and the cubic
nitride TiN,.o with the NaCl (Bl) type of structure (Table 13)
can be considered as typical examples. Each pair of these
compounds (except for Ti3SiC2 and Ti3Al2N2) have the same
structure. The structure of TisAl2N2 differs from that of Ti3SiC2

in that in the former case, the double-stranded layers of the XTi6
octahedra are separated by two layers of nontransition metal

Table 13. Interatomic distances in carbide and nitride phases of titanium with different degrees of filling of the titanium sublattice with interstitial atoms.

Stoichiometric

composition

Ti3AlC

Ti2AlC

Ti3SiC2

TiC.o

Ti3AlN

Ti2AlN

Ti3Al2N2

TiN,.o

Symmetry and type

of structure, space group

Cubic, perovskite
CaTiO3 type, space
group Pmim

Hexagonal //-phase.
the Cr2AlC type, space
group P6j/mmc

Hexagonal,
space group P6i/mmc

Cubic, the NaCl (B\),
type, space group Frriim

Cubic, the perovskite
CaTiO3 type (£2,),
space group Pmim

Hexagonal //-phase,
the Cr2AlC type, space
group P6^/mmc

Trigonal,
space group Pile

Cubic, the NaCl (Bl),
type, space group Fniim

Unit cell parameters / nm

a

0.4156

0.304

0.3068

0.4328

0.4120

0.2991

0.2988

0.4244

* V is the unit cell volume, n is the number of atoms in the unit cell

c

1.360

1.7669

-

-

1.3621

2.3350

-

Interatomic distances/ nm

Ti -C

0.208

0.212

0.215

0.216

-

—

_

-

Ti-Ti

0.294

0.292

0.297

0.306

0.291

0.290

0.297

0.300

T i - N

-

—

-

0.206

0.208

0.209

0.213

F/nm3

0.0718

0.1088

0.1440

0.0811

0.0699

0.1055

0.1805

0.0764

Kn- ' / nm 3

(see")

0.0144

0.0136

0.0120

0.0101

0.0140

0.0132

0.0129

0.0096
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atoms, whereas in Ti3SiC2, they are separated by one layer of
nontransition element atoms.

A general feature of the structures of all these compounds is
that the interstitial atoms (carbon or nitrogen) are located at the
octahedral interstices formed by six transition metal atoms. In the
compounds with an ideal stoichiometric composition, all the
octahedral vacancies are filled with the interstitial atoms. The
structures of the compounds under consideration differ in the
manner in which the XM6 octahedra are linked to one another. In
the compounds M3M'X the octahedra are joined via all their six
vertices (see Fig. 23); in the M2M'X //-phases, each octahedron is
linked to the adjacent octahedra via six edges thus forming an
octahedral layer of the composition M2X (see Fig. 24); in the next
pair of compounds, namely, Ti3SiC2 and Ti3AhN2, the XMg
octahedra are joined with one another via nine edges thus forming
a double octahedral layer of the composition M3X2 (see Fig. 14);
finally, the XNU octahedra in the cubic carbides and nitrides
MX1.0 are joined via all their twelve edges and form the closest
packing (see Fig. 1).

In the sequence M3M'X ->M2M'X -> M3M'X2 (M3M2'X2)
—»MX the X/M ratio increases in the following way:
3 - • 2 ~* 5 ~* 1' w m c h indicates an increase of the degree of filling
of the transition metal sublattice with the interstitial atoms. For
the cubic carbides and nitrides MX^., the increase in the degree of
filling of the octahedral vacancies of the metallic sublattice (i.e. the
increase in the content of interstitial atoms) is accompanied by an
increase in the period of the crystal lattice and by an increase in
the interatomic distances. By analogy with the cubic carbides
and nitrides MXy , one may expect a similar variation of the
interatomic distances and a similar decrease in the V/n volume
corresponding to one atom in the sequence M3M'X —> NhM'X
-»M3M'X2 (M3M2'X2) -•• MX.

Table 13 presents the Ti — X and Ti — Ti interatomic distances
and the V/n volume for the binary and ternary titanium com-
pounds considered as examples. With an increase in the X/M ratio
the Ti — C interatomic distances in the series of carbide phases and
the Ti —N distances in the series of nitride phases increase
monotonically, whereas the V/n volume decreases. A similar
increase is observed for the Ti — Ti interatomic distances, except
for those in the //-phases.

Thus, the majority of the compounds of transition metals with
B, C, N, Si, and Al retain the octahedral fragment consisting of six
transition metal atoms M as the main structural unit; this
fragment is either vacant or filled with interstitial nonmetal
atoms. The atoms of the third element make the structure of the
ternary compound more complex and more loose than the
structure of the corresponding binary compound of the transition
metal.

The ternary compounds with the homogeneity regions dis-
cussed in this review can exist in two structural states, namely, the
disordered and the ordered state. In the former case, the inter-
stitial atoms are randomly distributed among the octahedral
interstices, and in the latter case, they are regularly distributed.
The ordering phenomenon in the binary nonstoichiometric inter-
stitial compounds has been studied fairly extensive-ly;1-2'6-239-240

however, ordering in the ternary nonstoichiometric compounds
and its influence on the properties of these compounds are
scarcely known. It may be expected that the investigation of the
ordering effects will become one of the major directions in the
research on ternary nonstoichiometric compounds of transition
metals with boron, carbon, nitrogen, silicon, and aluminium.

The work was supported by the Russian Foundation for Basic
Research (project 95-02-03 549a) and the State scientific and
technical programme 'New materials' (project 07.02.0103m).
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Abstract. The results of studies on the use of sulfenamides in
organic synthesis are systematised and generalised. The fields of
industrial application of sulfenamides are considered. The bib-
liography includes 220 references.

I. Introduction
The wide application of sulfenamides in fine organic synthesis is
due to the specific features of their structure and reactivity,
namely, to the existence of two active reaction centres (S and N),
one of them having variable valence, and to the instability of the
S — N bond which can rather readily be cleaved by both nucleo-
philes and electrophiles. High lability of this bond allows one to
remove the sulfenyl moiety of the sulfenamide function, which is
frequently used as a protective group in peptide synthesis,1'2 and
in natural product syntheses,3-4 at a certain stage of synthesis.
Elimination of the sulfenyl moiety occurs under sufficiently mild
conditions by hydrochlorolysis or thiolysis of the S —N bond.

•SNHCH2CONHCH2v
HC1

NO2

• H2NCH2CNHCH2*

O

NO2

l.MeSCl/Py
2. K2CO3 '

4-MeC6H4SH

NO2

- 4-MeC6H4SSC6H4NO2-2

O C H 2 P h

« NOCH2Ph

On the other hand, the high lability of the S — N bond enables
the sulfenamide function to be used for the introduction of a
sulfenyl fragment into organic compounds under relatively mild
conditions in multistep organic syntheses. Thus, the sulfenylation
of 4-/er/-butylcyclohexanone with chiral jV-phenylthio-oc-naph-
thylethylamine gives 62% of a diastereomeric mixture of the
corresponding sulfides.5 The reduction of this mixture with
NaBH4, subsequent tosylation and elimination of toluene-
p-sulfonic acid gives a mixture of unsaturated sulfides with an
isomer of S-configuration being predominant.

;ph l.NaBH4

2. TsCl

3. Bu'ONa,
DMSO

Bu
PhSNH s

Me

Bu1

CONHOCH2Ph
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Yet another specific feature of sulfenamides is their tendency
to generate both relatively stable and highly reactive intermediates
(aminyl and sulfenyl radicals, radical cations, nitrenes, etc.) that
participate in the transfer of sulfenyl and aminyl groups and in
some other processes. The ability of the sulfur atom in sulfen-
amides to pass relatively readily from one valence state to another,
as well as to increase its electron density at the expense of its shift
from the adjacent JV-anionic centre, is often used for the synthesis
of compounds possessing four- and six-valent sulfur, for example,
sulfur-containing imino compounds.

Bifunctional sulfenamides, i.e., sulfenamides containing
both sulfenamide and other functional groups (Cl, Br, CCI3,
CF2CI, etc.) are synthetically very important. Based on such
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sulfenamides, many preparative methods for the synthesis of
various sulfur and nitrogen-containing heterocyclic compounds
have been developed.

The primary products of sulfenamide transformations, such
as aminosulfonium, thioammonium and sodium salts, are also
widely used in organic synthesis, and numerous synthetic routes
involve the conversion of sulfenamides to these products with
their subsequent transformation without isolation from the
reaction mixture.

In addition to fine organic synthesis, some sulfenamides are
widely used in polymer chemistry, in agriculture, in the rubber
industry, etc. These aspects are also considered in the present
review.

II. Methods of sulfenylamide synthesis
1. Syntheses based on elemental sulfur
Elemental sulfur is not often used directly in the synthesis of
sulfenamides because it has to be preactivated,6 or highly reactive
reagents have to be used. Probably only one example of the direct
use of sulfur in sulfenamide synthesis, involving the interaction of
elemental sulfur with various nitrobenzenes in liquid ammonia,
has been described.7 The reaction is accompanied by formation of
the corresponding disulfides and sulfides, which is a drawback of
the method.

2. Syntheses based on sulfenyl chlorides
The use of sulfenyl chlorides in the synthesis of sulfenamides is
based on three main reactions:

(a) the sulfenylation of compounds containing N — H or N—X
bonds (X = Li, Na, K, Ag, Me3Si);

(b) the sulfenylation of inorganic isocyanates and the subse-
quent interaction of sulfenyl isocyanates with amines and alco-
hols;

(c) the addition of sulfenyl chlorides to the C = N or C = N
bond.

Based on these reactions, various preparative methods of
sulfenamide synthesis have been developed. They are described
in the published reviews,8-9 and in the references cited in them.
Later publications 10-21 are mostly devoted to the perfection of
these methods and to the expansion of the scope of their
application.

3. Syntheses based on thiols
Amination of thiols with JV-halo compounds, amines in the
presence of oxidising reagents, sodium hydroxylaminosulfonate,
and with other iminating reagents is the basis for a series of
preparative methods of synthesis of unsubstituted and
Af-substituted sulfenamides (see review 22 and the references cited
therein). The amination of thiols can also be performed using
azides23 in the presence of cuprous salts. The formation of
disulfides and amines as side products is a drawback of the
method.

R'SH R'SCu
R2N3 R'SNHR2 + R'SSR1 + R2NH2

R1 = Bu, Bz; R2 = BuCO, HCO

A two-step synthesis of sulfenamides from thiols, /j-amino-
phenol, and nitrogen dioxide has been described.24 The first step
involves the interaction of thiols with N2O4 to yield alkylsulfenyl
nitrenes which then react with /j-aminophenol (the second step).

AlkSH + N2O4 -HNO3
AlkSNO

AlkSNO + H2N- -OH
-H2NOH

AlkSN=

4. Syntheses based on disulfides
There are several methods of sulfenamide synthesis based on
disulfides. One of them involves the interaction of disulfides with
ammonia or amines in the presence of silver acetate or nitrate, or
mercuric chloride in alkaline medium.2526

R'SSR1 + 2R|NH + MX NaOH>

—»-R'SNR2 + R'SM + RJNH-HX

R1 = Alk, Ar, Het; R2 = H, Alk, Ar;
MX = AgNO3, AgOAc, HgCl2

It is supposed 26 that a complex of disulfide with a metal is
formed initially, which then undergoes nucleophilic attack by
ammonia or amines to produce the sulfenamide and other
products. The reaction is performed in methanol or ethyl acetate
by treating equimolar amounts of disulfide and a metal salt with
an excess of ammonia or the amine. The best yields of sulfen-
amides (60% -80%) were obtained with aromatic disulfides.

The second method of sulfenamide synthesis from disulfides is
based on their reaction with N-halo compounds.

RSSR + X—N: R S — RSX

R = Alk, Ar; X = Cl, Br

The reaction occurs by a radical mechanism, which involves
the homolysis of the N—X bond and the interaction of the
N '-radical formed with the disulfide.

X—N: X'

RSSR + N ;

N/
\

RS—I

RS- + X' —*- RSX

X = Cl, Br

To bind sulfenyl halides, pyridine, triethylamine, and other
reagents are used. N-Chloro- and ,/V-bromosuccinimide,27

N-chlorophthalimide,27 TV-chloroformamidoyl chloride,27 alkyl
N-chlorobenzenecarboximidates, JV-chloroimino-carbonates,28

iV-chlorobenzamide,29 and Af-chlorodialkylamines30 react with
disulfides according to this scheme. Sodium
N-chlorosulfonamides react with disulfides in non-aqueous
media to give sulfenamides of the general formula
RSN(SO2Ar)X [X = S(R) = NSO2Ar]31 which can also be
obtained by the reaction of sodium thiolates with dichlorosulfon-

Na
/

R =

Ar

Cl

4RSi\a + ZArs<j2jNi,i2

= Ph,

= Ph

4-MeC6H4, [ l[ N

, 4-MeC6H4

-2NaCl

-4NaCl,
-RSSR

> -

S=NSO2Ar

RSN

SO2Ar

amides.32

The third method of sulfenamide synthesis from disulfides is
their decomposition in the presence of lithium amides,33 the yield
of sulfenamides being as high as 62% -96%. As side products, Li
thiolates are formed, which sometimes hinder the isolation of the
target sulfenamides.
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R'SSR1 + LiNR2R3 R'SNR2R3 + R'SLi

R1 = Prn, Ph; R2 = H, Et, Prn, Prj, Bit';
R3 = Et, Prn, Pr>, Bu

5. Syntheses based on arylsulfenates, sulfenyl thiocyanates,
and thiolsulfonates
Sulfenamides are obtained in high yields by the sulfenylation of
primary and secondary amines with esters of sulfenic acids.23'34

PhSOMe + HNR'R2 —*~ PhSNR'R2 + MeOH

R1 = Pr, Ph; R2 = H, Me, Et, Pr, Bu, Ph

The use of sulfenates instead of sulfenyl chlorides as sulfenyla-
tion agents is sometimes preferable, in particular, if a substrate
contains other highly reactive functional groups which are
unstable toward sulfenyl chlorides. For example, trimethylsilyl
derivatives of amines preserve the trimethylsilyl group upon
interaction with sulfenates.34

PhSOMe + Me3SiNHR - PhSN

SiMe3

+ MeOH

The possibility of using thiolsulfonates for sulfenamide syn-
thesis was first demonstrated by the sulfenylation of aromatic
amines with S-(2-nitrophenyl) benzenethiosulfonate.23'34 In this
case the corresponding jV-aryl-2-nitrobenzenesulfenamides were
obtained in relatively good yields.

[PhSO2]" [NH3Ar]+

The reaction of S-(2-nitrophenyl) benzenethiosulfonate with
sodium iV-chlorobenzenesulfonamide to give Af-(2-nitrophenyl-
thio)benzenesulfonamide has been described.35

O2N

PhSO2S

PhSO2NNaCl •

O2N.

+ PhSO2Cl

A series of yV,/V-dialkylsulfenamides have been obtained by
the interaction of sulfenyl thiocyanates with a twofold excess of
dialkylamine in ether.36

R'SSCN + 2R2NH

R1 = Ph, Et.Pr, Bu; R2

—*- R'SNRj + R2NHHSCN

Et, Bu1

The possibility of using inorganic thiocyanates for the syn-
thesis of sulfenamides has been demonstrated.37 In particular,
ammonium thiocyanate gives the corresponding sulfenamides on
treatment with alkyl- and dialkylchloroamines.

iR'NCk

NH4SCN •

• i(NCS)2NR' + NH4CI

6. Syntheses based on JV-chlorothio-compounds
Two main routes of sulfenamide synthesis based on N-chlorothio-
compounds have been developed. The first one involves the
addition of N-chlorothio-compounds to C = C and C = C multi-
ple bonds. For example, 7V-(chlorothio)dichloroketimine adds to
the C = C bond of cyclohexene to give 80% of the corresponding
sulfenamide.38

C1SN=CC12

SN=CCI2

a

The addition of iV-(chlorothio)dimethylamine to unsymmet-
rical alkenes in the presence of iodine was shown 39 to be anti-
Markovnikov with subsequent isomerisation of the adducts
formed to more stable sulfenamides.

Me2NSCl + H2C=CR'R2 •[ClCH2C(SNMe2)R
1R2

CH2SNMe2

R'R2C

Cl

A series of 7V,7V-disubstituted vinylsulfenamides was obtained
by the addition of iV-(chlorothio)dialkylamines m and N-(chloro-
thio)phthalimide 41 43 at the C = C bond of alkynes.

R^NSCl

R ' C = C R 2 —

R1 = Me, Et, Bu', Ph; R2 = H, Me, Ph; R3 = Me, Et

The second method of sulfenamide synthesis based on
TV-chlorothio-compounds is the treatment of CH-acids or their
salts with Af-chlorothio-compounds. For example, a series of
Af,./V-(dialkyl)phenylacetylenesulfenamides has been synthesised
by the interaction of 7V-(chlorothio)dialkylamines with lithium
phenylacetylide.40

R2NSCI + PhC=CLi ^ * - P h C = C S N R 2

R = Me, Et

In the reaction of Ar-(chlorothio)phthalimide with dicarbonyl
compounds containing activated C—H bonds sulfenamides are
formed relatively readily and in high yields.4445

O

The synthesis of N-methyl-iV-tosylchloromethanesulfenamide
from .^-(chlorothiojmethyltosylamine and diazomethane has
been reported.38

SCI

TsN

Me

+ CH2N2 - N 2
C1CH2SN7

s

Me

NCSNR^ + NH4CI
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7. Syntheses based on sulfur imino compounds
a. Syntheses based on sulfynimines
The ability of the SIV atom in sulfynimines to undergo rather easy
conversion to the bivalent state can be used in the syntheses of
sulfenamides. Several synthetic routes have been developed
depending on the structure of the initial sulfynimines. One of
them is based on the [2,3]-sigmatropic rearrangement of
S-allylsulfynimines, which involves migration of the allyl group
from the sulfur to the nitrogen atom to produce the N-substituted
sulfenamides.32- **

CH2 Me

PhSN—C—CH=CH2

Ts Me

The tendency of S-allylsulfynimines to rearrange into more
stable iV-substituted sulfenamides is so pronounced that some-
times they cannot be isolated. For example, the reaction of
nitrenes, obtained on treatment of Af-amino-compounds with
lead tetraacetate, with allyl aryl sulfides gave not 5-allyl-S-
arylsulfynimines, but the corresponding ^-substituted sulfen-
amides.47-50

T
X O M — N H 2 + ArSCH2CH=CHR pb(OAc)1

ArSCH2CH=CHR ArSN— CHCH=CH2

N X

The second route for the synthesis of sulfenamides based on
sulfynimines is the thermal rearrangement of S-alkylsulfynimines
which contain a B-H-atom46-51 (a thermal cycloelimination of
alkenes from sulfynimines).

R2

\ /

R3- - N -

£C Z+- R!SNHR3

H

+ £=C
R2

R1 = Ar, Alk; R2 = H, Me; R3 = Ar, MeCO

The reaction occurs under relatively mild conditions and leads
to sulfenamides in good yields. One shortcoming of this method is
the possible formation of a mixture of two sulfenamides from
sulfynimines containing two different alkyl groups at the sulfur
atom, as, for example, in the thermolysis of TV-tosyl-S-terr-butyl-
S-isopropylsulfynimines.52 N-Unsubstituted alkane- and arene-
sulfenamides,52 as well as a series of TV-substituted sulfenamides
with aryl,53-54 tosyl,51 ethoxycarbonyl,46 and carbamoyl46 sub-
stituents were obtained by thermal cycloelimination of alkenes
from sulfynimines.

The third method of sulfenamide synthesis from sulfynimines
is their reductive decomposition in the presence of thiolate anions.
This reaction occurs on heating in DMF.55

ArSR + PhSK

NTs

DMF
Ts

RSPh + ArSN

K

One drawback of this method is the formation of sulfides as
side products, which complicates the isolation of the sulfenamides.

On the other hand, an excess of thiolate can favour the
decomposition of the sulfenamide formed.

b. Syntheses based on derivatives of sulfinimidic acids
Some amides of sulfinimidic acids undergo reductive cleavage in
the presence of thiophenols to give sulfenamides. For example, the
reductive cleavage of p-nitrobenzenesulfinimido amide in the
presence of /?-chlorothiophenol gives a mixture of two sulfen-
amides.56

4-O2NC6H4S—N O + 4-ClC6H4SH —*-

NCOPh

4-ClC6H4S—N O + 4-O2NC6H4SNHCOPh

The reductive cleavage of imidodihydrothiazine, which can be
considered as a cyclic amide of sulfinimidic acid, leads to amino-
butenesulfenamides in 65% - 9 5 % yields.57

ArSH-

R' Me
—•- / = ^ + ArSSAr

R2NHCH2 CH2SNHR2

Ar = 4-ClC6H4,4-MeC6H4

Sulfinimido chlorides react in a similar manner in the presence
of thiophenols.57

4-R'C 6 H 4 S=NR 2 + 4-ClC6H4SH —*•

Cl

—*- 4-R'C6H4SNHR2 + 4-ClC6H4SCl

R1 = NO2; R2 = PhSO2, PhCO

The reductive cleavage of sulfinimido chlorides to yield
sulfenamides occurs also on treatment with some CH-acids.58

Ph

4-NO2C6H4S=NSO2Ph + H2C

Cl
Ph

PhSO2NHSC6H4NO2-4 +C1HCV
IHC Iy\ Ph

Ph

4-R'C 6H 4S=NR 2 + (PhCO)2CH2 — »

Cl

—*• 4-R1C6H4SNHR2+ (PhCO)2CHCl

R1 = Me, NO2; R2 = PhSO2, PhCO, EtOCO

8. Electrochemical methods of synthesis of sulfenamides
7V,AT-Disubstituted benzothiazolesulfenamides were obtained by
electrolysis of a 2-mercaptobenzothiazole-amine or bisbenzo-
thiazol-2-yldisulfide-amine system in 70% - 9 8 % yield.59
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HNR'R2

-2e

The electrolysis was performed with platinum electrodes in
DMF in the presence of triethylammonium perchlorate. Under
similar conditions, sulfenamides are formed from tetraalkyl-
thiuramdisulfide, diphenyldisulfide, di-/er?-butyl-disulfide, and
dibenzyldisulfide.60 The electrolysis of a disulfide-phthalimide
and disulfide-succinimide system in the presence of NaBr in
acetonitrile 60 gives the corresponding sulfenamides

RS—N and RS—N

The mechanism of formation of these sulfenamides is
believed 60 to involve a nucleophilic attack of the disulfide on the
intermediate iV-bromoimide.

9. Modification of sulfenamides
The change of sulfenamide structures by chemical modification of
substituents at the sulfur and nitrogen atoms, as well as by the
complete replacement of the amide or sulfenyl moieties, is the
basis of methods for synthesising new types of sulfenamides.
Chemical modification of the amide group of JV-unsubstituted
sulfenamides is the most common. The relatively high nucleophi-
licity of the nitrogen atom of the NH2 group, as well as the
availability of two active H atoms permit various chemical
transformations. They are based on condensation with carbonyl
compounds,61"63 acylation,23'M-6i sulfenylation,8 phosphoryla-
tion,23'66 etc.34 Some examples of such reactions are given below.

R'SNH2

R2

R3 - H 2 O
R'SN

R2

R3

R1 = CF 3 , Ph, Ph3C, PhCO, PhCS,

R2 = Me, Et, Prj, Ph, PhCH2; R3 = H, Me, Et, Ph, PhCH2

RSNH2 + (MeCO)2O
-MeCOOH

RSNHCOMe

R = CC13CC12,
[ 1

O

BuO
SNH2 + PhCOCl

Et3N, 0 °Ct

-Et 3NHCl

o.

BuO

SNHCOPh

CF3SNH2 + CF3SC1

—«• (CF3S)3N

CF3SNHSCF3

ArSNH2 + Ph3PCl2
2Et3N

-2Et3NHCl

Ar = 4-O2NC6H4, 2,4,6-Cl3C6H2, C6C15

ArSN=PPh 3

The modification of substituents at the nitrogen atom of
sulfenamides,34-67"70 or their complete substitution by other
substituents34-71-74 are also often used in the synthesis of new
sulfenamides.

NO2

SNH-Y V O H ^ C I ^

ArSR +

R'S—N

MeN=SO2 —*-

O

A
X + R2NH2

V

ArSN—SO2R

Me

R'SNH

—*" V~x
O

O

NHR2

X =

o

|T ; —CH2—CH2-

R1 = Bu\ Ph, cyclo-C6Hi 1, n-C8H17;

R2 = Me, Pr', Bu, PhCH2, n-Ci8H37

PhSN=CMe2 + MeLi

—** PhSNHCMe3

2-O2NC6H4SN—f \—R2 +

CMe3

PhSN H,2° »
\ - LiOH
Li

2-O2NC6H4SN-

R1

-R2

SNR2

NO2
PhSN(SiMe3)2 + R ' R 2 C = O — ^ PhSN=CR'R 2
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(PhS)2NH + PhSCl T H F ' 10 C» (PhS)3N
HCl—HCl • ArSNHSO2Ph + ArS

NSO2Ar

(CF3S)3N + P(OR)3

- C F T 1
R O

S-) 2
» [CF3SN=P(OR)3] Na

NSO2Ar

Ar = Ph, 4-MeC6H4

^OR

The chemical modification of radicals at the sulfur atom is not
so frequently used for the synthesis of new sulfenamides. The
substitution of one or two chlorine atoms by fluorine in N,N-(di-
ethyl)trichloromethanesulfenamide using antimony trifluoride is
an example of such modification.8

SbF3, SbCls
CCl3SNEt2 *- CFCl2SNEt2 + CF2ClSNEt2

The thermolytic modification of the dichlorofluoromethyl
group in AT-(benzothiazole-2-yl)dichlorofluoromethanesulfen-
amide has been described.38

200 °C

The replacement of the sulfenyl fragment in sulfenamides can
result from the so called 'transsulfenylation', which involves the
mutual exchange of sulfenyl groups between sulfenamides and
other compounds containing these groups. For example, trans-
sulfenylation of sulfenamides by esters of thiosulfonic acids has
been described.75

R'SO2SR2 + R3SNR4R5 R'SO2SR3 + R2SNR4R5

The complete substitution of the amide moiety can be
performed on transamidation of sulfenamides in their interaction
with N-nucleophiles whose nucleophilicity is higher than that of
the amide moiety.23-32-34

R2

NH + R'SN

R2

\
R3

O O

R1 = Me, Et, Ph; R2 = Me, Et; R3 = Et, Pr1

SR'

O^^N^.0
T I + R4R5NH

R 2 — NH

R3

H

NR2—I NH

R3

R 4 R 5 N - S R '

R ' = C C l 3 , P h ; R2 = R3 = Me; R4 = H,Ph;
R5 = PhCH2; R4 + R5 = - (CH2)3 -

ArSNSO2Ar

Ar S = N S O 2 A r
+ PhSO2NHNa

C6H6,20°C

The mutual exchange of sulfenyl groups was observed upon
photolysis of a mixture of two sulfenamides.76 The photolysis is a
radical process and involves the following transformations:

R'SNHR1 =P±: R'S- + NHR';

R 'S ' + R2SNHR2 =^±= R'SNHR2 + R2S ;

R 2 S' + R'SNHR1 = ^ = R2SNHR' + R 'S ' ;

R'S- + NHR' —•• R 'SNHR' .

10. Other methods
a. The sigmatropic rearrangement of the products of the reaction
of 3-hydroxy-2-phenyl-4-thioxo-3,4-dihydroquinazoline with di-
arylimidoyl chlorides.77

1̂NL J>h
NaOH, MeOHt

DMF

b. The reaction of carbon disulfide with amines and Af-chloro-
amines.78

CS2 + Me2NH + Me2NCl N a O H > Me2NCSNMe2

O

c. The addition of the products of sulfur trioxide insertion at the
S —N bond of diaminosulfides to alkenes.79

R2NSNR2 + SO3 —*• [R2NS-OSO2NR2]

SNR2

OSO2NR2 64%

R2 = - ( C H 2 ) s -
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d. The interaction of alkylthiirane-S-oxides with lithium hexa-
methyldisilazide [Li(HMDSA)] and trimethylsilyl chloride.80

R1

R2

Li(HMDSA)t

THF, - 7 8 °C

R1

R2

Me3SiCl

- L i 4
Li(HMDSA);=o

R1

R2

III. The application of sulfenamides in organic
synthesis
1. Synthesis of sulfides
Several basic methods of synthesis of sulfides from sulfenamides
have been developed. One of them is based on the sulfenylation of
CH-acids or their salts with both substituted and Af-unsubstituted
sulfenamides. The sulfenamides are milder sulfenylating agents
than sulfenyl halides; this fact allows their use in reactions with
CH-acids which contain multiple bonds or functional groups
which are vulnerable to sulfenyl halides. For example, the
reaction of /vnitrobenzenesulfenamide with a 2,4,6-trimethyl-
pyrilium salt produces the corresponding sulfide.81

SNH2

NO2

O2N

Sulfides are also obtained relatively smoothly and in good
yields in the reaction of N,./V-(dialkyl)arenesulfenamides with
disubstituted methanes containing strong electron-withdrawing
groups, such as CN, PhCO, MeCO, EtOCO, etc.82

PhSNEt2 + CH2XY
20 °C, 5 h

• [PhSCXY]NH2Et2
HC1
-Et 2NHHCl

fc

X

CN
PhCO
MeCO
MeCO
EtOCO

- PhSCHXY

Y

CN
PhCO
MeCO
EtOCO
EtOCO

Excess of the sulfenamide can induce substitution of the second
hydrogen atom of the CH-acid by the arylthio group.23

CH2(COPh)2 (PhS)2C(COPh)2

o» Ph Ph

The synthesis of unsaturated sulfides by the sulfenylation of
chlorosulfonium salts containing activated CH-bonds with sulfe-
namides has been described.83

PhSNEt2 ci -
-Me2S, -Et 2 NHHCl

Me2S—CH—COPh

Me

SPh

COPh

The second method of sulfide synthesis from sulfenamides
involves the addition of sulfenamides at the C = C bond of
unsaturated compounds. This method is widely used for the
synthesis of functionally substituted sulfides; several modifica-
tions of the method are known. The first one is the interaction of
sulfenamides with alkenes in the presence of activating agents
(Me3O

+BF4 , E t 2 O B F 3 , CF3SO3H, etc.). The role of the
activating agents is to increase the electrophilic properties of the
sulfur atom in the initial sulfenamide, and to stabilise the inter-
mediates formed. For example, the aminosulfenylation of cyclo-
pentene and 3,4-dihydro-2/f-pyran with 7V,./V-(dimethyl)methane-
sulfenamide occurs rather smoothly in nitromethane in the
presence of trimethyloxonium tetrafluoroborate.84-85

MeSNMe2

Me3O
+BFJ,MeNO2 o

O 'NMe2

The addition of ,/V-substituted benzenesulfenamides at the
C = C bond of cyclohexene in the presence of trifluoromethane-
sulfonic acid has been described.86

PhSNR'R2 +
CF3SO3H

^ ^ " " N R i R 2

R1 = H, R2 = Bu'; R' + R2 = - ( C H 2 ) 5 - , - (CH 2 ) 2O(CH 2 ) 2 -

Under analogous conditions, these sulfenamides add at the
C = C bond of octene and indene.86 ./V-(Aryl)benzenesulfenamides
readily react with cyclohexene in the presence of boron trifluoride
etherate to give the corresponding aminosulfides in 50%-90%
yields.87

PhSNHAr +
BF3 • Et2O

Ar = 4-NO2C6H4,4-ClC6H4,4-MeC6H4,4-MeOC6H4,3-MeOC6H4

The sulfenamides PhSN(X)Ts [X = S(Ph) = NTs] add at the
C = C bond of cyclohexene under acidic activation conditions to
yield N-disubstituted aminosulfides.88

PhSN(X)Ts +

X = S(Ph) = NTs

!Ph

'"'N—X

Ts

According to the second route, the participation of an external
nucleophile in the reaction is envisaged, which provides a
fragment substituting the amino group in the adduct. This route
was first realised in the reaction of iV,A;-diacetyl-/>-nitro-
benzenesulfenamide with cyclohexene in the presence of trifluoro-
acetic acid.88
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4-NO2C6H4SN(COMe)2 +
CF3COOH

-NH(COMeh

:6H4NO2-4

CF3

Apparently, in this case, an episulfonium intermediate is
formed initially84 in which ring-opening by trifluoroacetate
anion leads to a frww-adduct. Thus, trifluoroacetic acid acts as
both the activator and the external nucleophile. Likewise, boron
trifluoride etherate has a double function in reactions of arene-
sulfenamides with norbornene89 and norbornadiene.90 The addi-
tion is accompanied by the rearrangement of the carbon skeleton
resulting in a mixture of several products.

NJC BF3QEt2

Ar = 2-O2NC6H4; 2,4-(O2N)2C6H3; X = O, CH2

\ / CH2Cl2,20
+ other

products

Ar = 2,4-(O2N)2C6H3

Two reagents are generally used to accomplish the addition of
sulfenamides to unsaturated compounds, one of them being an
activator, and the other an external nucleophile. For example, the
addition of TV-substituted benzenesulfenamides to cyclohexene in
the presence of trifluoromethanesulfonic acid and nitriles has been
reported91-92 to give sulfides with the amidine fragments. In this
case, nitriles act as external nucleophiles.

PhSNR'R2 + o R3CN, CF3SO3H

Ph

NHR4

R3

R1 = R2 = cyclo-C<H|i; R1 + R2 = - (CH2)2O(CH2)2 - ;
R1 = H, R2 = Bu; R3 = Me, Et; R" = Ph

The synthesis of sulfides of general formula R !HN.
.C(Me) = NC(R2)=C(R3)SPh with an acetamidine fragment
( R ' = P h , 4-O2NC6H4, 4-CIC6H4, 4-MeC6H4, 4-MeOC6H4;
R 2= H, Me, Et; R 3 = Me, Et, Pr, Bu) using the addition of
N-(aryl)benzenesuifenamides to the corresponding alkynes in
acetonitrile in the presence of boron trifluoride etherate has been
described.93

The addition of Af-(p-nitrophenyl)benzenesulfenamide to
alkynes R ' C s C R 2 (R1 = H, R 2 = Me; R1 = H, R 2 = Bu'; R1 =
H, R 2= Pr; R1 = H, R 2= Bu; R1 = Me, R 2= Pr; R1 = R 2= Me;

RI = R 2= Et; R1 = R 2= Pr; R ' = H, R 2 = Ph; R1 = Me, R 2= Ph;
R1 = Et, R 2= Ph; R1 = R2 = Ph) in acetic acid in the presence of
boron trifluoride etherate is a stereospecific reaction, which results
in a mixture of two products, (£)-R2C(OAc) = C(R')SPh and
(£)-R'C(OAc) = C(R2)SPh, in total yields of 30% -80%.94-95

The third route to sulfides by the addition of sulfenamides at
multiple bonds involves enhancement of the sulfur atom electro-
philicity by insertion of sulfur trioxide into the S—N bond of
sulfenamides with the subsequent addition of the insertion
product to the C = C bond of alkenes (that is, sulfamatosulfenyla-
tion of alkenes).96 For example, the addition of N,N-(di-
ethyl)benzenesulfenamide to cyclohexene in the presence of
sulfur trioxide in chloroform yields a »ww-l,2-adduct, which is
converted to the corresponding functionally substituted sulfide
upon treatment with acid.97

PhSNEt2 + SO3

o
-85 °C

|| + PhS-OSO2NEt2

PhS-OSO2NEt2

+ HX

OSO2NEt2

Cl|OSO2NEt2

;ph

HOSO2NEt2

'"X

X = Br, MeCOO, CF3COO, HCOO

The sulfamatosulfenylation of norbornene and norborna-
diene 98 is accompanied by rearrangement of the carbon skeleton
and results in a mixture of different sulfides that are difficult to
separate. The use of pyridine-sulfur trioxide as a donor of SO3
allows one to perform the sulfamatosulfenylation of alkenes at
ambient temperature.99 The addition of sulfenamides to alkenes in
the presence of sulfamic acid 10°-101 and potassium persulfate102

has also been studied.
Yet another method of sulfide synthesis from sulfenamides

which should be mentioned involves thermal decomposition of
arylthioazo compounds.103

(£)-R'N=NSR2 A,MeCN
- N 2

R'SR2

R1 = 4-NCC6H4,4-O2NC6H4; R2 = Bu',Ph

The thermolysis is believed103 to occur by aromatic nucleophilic
substitution (S\R1) through the intermediate radical anion
[R1N = NSR 2 ]~ . The formation of sulfides, together with other
products, was observed104 in the reaction of sulfenamides with
alcohols in the presence of trialkylphosphites.

R1 + R2OH

2. Synthesis of sulfenyl halides
The treatment of sulfenamides with hydrogen halides in anhyd-
rous organic solvents yields the corresponding sulfenyl halides.

RSl/ + HX RSX +

The reaction has preparative value, but it is not often used for
the synthesis of sulfenyl halides, because the starting sulfenamides
are usually synthesised from the same sulfenyl halides, to which
they are then converted. The transformation of a sulfenyl halide
function to sulfenamtde followed by cleavage of the S—N bond
with gaseous hydrogen halide is used as a synthetic method in the
modification of a sulfenyl halide aimed at protecting the sulfenyl
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halide function,8 as well as in peptide synthesis, in which the
sulfenyl fragment acts as a protective group. 2-Nitrobenzene-
sulfenyl chloride forms crystalline sulfenamide derivatives with
amino acids, which can rather readily be cleaved in the presence of
hydrogen chloride; this appeared to be of particular value in
peptide synthesis.105 The triphenylmethanesulfenyl group is also
successfully used as a protective group in the synthesis of
alkaloids.34

3. Synthesis of disulfides
Thermolysis, thiolysis, and hydrolysis of sulfenamides are the
most common processes for the practical synthesis of disulfides
among a wide range of reactions of sulfenamides that give
disulfides. The homolytic cleavage of the S—N bond upon the
heating of sulfenamides gives thiyl radicals which recombine to
disulfides. The choice of thermolysis conditions depends both on
the basicity and the structure of the initial sulfenamides. For
example, the thermolysis of tri(phenylsulfenyl)amine occurs under
rather mild conditions at ~ 50 °C to yield diphenyldisulfide.106

2(PhS)3N

2(PhS)2N-

2(PhS)2N- + 2PhS'

(PhS)2N—N(SPh)2

(PhS)2N—N(SPh)2 —*• PhSN=NSPh + 2PhS'

PhSN=NSPh — - 2PhS' + N2

2PhS' —»- PhSSPh

The thermolysis of A^aryObenzenesulfenamides requires
more severe conditions, the products being diaryldisulfides and
azobenzene.107

2PhNHSAr ^ 2ArS' + 2PhNH'

2ArS" —*- ArSSAr

2PhNH" —>-PhHN—NHPh —T-*- PhN = N P h
H

The homolytic cleavage of the S — N bond with the subsequent
recombination of the thiyl radicals formed was observed during
the anodic oxidation of Af-(2-nitrophenylthio)morpholine in
acetonitrile in the presence of NaClO.108

O2 O2N

The thiolysis of sulfenamides is used in the synthesis of both
symmetrical and unsymmetrical disulfides. Nucleophilic substitu-
tion of the amide group at the sulfur atom of suJfenamides by an
alkyl- or arylthio group occurs upon their interaction with
thiols34-109 or thiolates,110 thioacids,111 alkyl- or arylthiosi-
lanes.112

O O

A I
X. NSR1 + R2SH — - R'SSR2 + X NH

Y
o

Y
X = - ( C H 2 ) 2 - , _ C H = C H —

ArSNHC6H4NO2-4 + RSH
1.5eqiiiv. BF3

-4-O2NC6H4NH21 AfSSR

PhSN

SO2Ph

+ PhSNa PhSSPh + NaN

SO2Ph

/
Ph

S=NSO 2 Ph
\

/
Ph

S=NSO 2 Ph

O

R'COSN J + R2COSH

O

PhSNMe2 + Me3SiSR

O
O O

R'C CR2 + HN

s—s
o

PhSSR + Me3SiNMe2

However, the synthesis of unsymmetrical disulfides is accompa-
nied by the formation of a small amount of symmetrical ones,109

this being the drawback of the method.
The hydrolysis of sulfenamides in acid-alcoholic media

results in the formation of symmetrical disulfides.23 They are,
apparently, disproportionation products of sulfenic acids that are
formed at the first stage of the hydrolysis.

INHPh

NO2
NH,Cr

EtOH / HC1,

•s—s-

NO2 O2N

Symmetrical disulfides are also formed upon decomposition
of thioammonium salts resulting from the alkylation of sulfen-
amides with alkyl halides or trialkyloxonium salts.'13

RI

MeSNMe2

Me3O
+BFJ

I CHCh

[Me2RN+SMe]I

MeNO2 1

[Me3N+SMe]BF4

H2O

MeSSMe

-Me2NR

[MeSI]

I
MeSSMe + I2

4. Synthesis of sulfenic esters
MN-Disubstituted sulfenamides having strong electron with-
drawing substituents relatively readily undergo alcoholysis in the
presence of alkoxides. Alkyl sulfenates are produced in this way.
For this purpose, ./V-(alkylthio)phthalimides1141115 are most
frequently used. They react with alkoxides in alcoholic media to
form the corresponding sulfenates.

NSR1 + R2ONa
40-50 X

R2OSR

jV-Arylsulfenyl-A^./V'-bis(arylsulfonyl)arenesulfinamidines
undergo even easier alcoholysis.32-1!6> '17

•

NSO2Ar

R'S

<
NSO2Ar

S

^ • R 2 O S R ' + R'S

NSO2Ar

Na

NSO2Ar
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The use of sulfenamides for the synthesis of sulfenates is
preferable to that of sulfenyl chlorides, because the latter often
induces undesirable side processes.104

5. Synthesis of compounds with a P—S bond
The use of sulfenamides for the synthesis of various phos-
phor-sulfur-containing compounds is based on phosphorolysis
of the S—N bond with phosphorylating reagents. The synthesis of
thiolphosphates using the interaction of A^Af-disubstituted sulfen-
amides with dialkyl phosphites has been described.118-'19

Sulfenamides react with S,S-dialkyl-O-trimethylsilyl dithio-
phosphites to yield trithiophosphates.120 In this case, a part of the
initial O-trimethylsilyl dithiophosphite is transformed to 5-alkyl-
O-trimethylsilyldithiophosphonate.

(R'S)2POSiMe3 + R2SNEt2 —

(R'S)2PSR2 + Me3SiNEt2, r +f
O

R'S—P—OSiMe3

(R'O)2POH
-R^NH

(R'O)2P.

R1 = Me: R2 = Bu, Bu1, R3 = Me, Et; R2 = Ph, R2 =

The syntheses of thiolphosphonates and thiolphosphinates
were performed in a similar manner.119

Me—?

II

.OR1

II
O

/ S R 2

Me—PC + R2NHr°R i
(C8Hi7)2POH + R'SNR2

PS

O

RjNH

R1 = Et, Pr, Bu; R2 = Me, Bu; R3 = Me, Et

The reaction of sulfenamides with alkyl phosphodichloridites
yields alkyl (amido)thiophosphochloridates.119

R'OPC12

SR2

R'O—PC12

O=PC1

R1 = Me; R2 = Bu, Bu1; R3 = Me, Et

The reaction of sulfenamides with methyldichlorophosphine
gives phosphoranes, which may be converted to 5-alkyl dialkyla-
midothiophosphonates upon treatment with sulfur trioxide.23

SR1

MePCl2 •

—»"

R1 = Bu, Bu'

f R'SNR2 —*•

SR1

Me—P=O

NR^

; R2 = Me, Et

Me—PC12

NR2

SO3

Similar compounds are formed when sulfenamides react with
methylphosphonous anhydride.23

SR1

M e P = O

R1 = Bu, Bu1; R2 = Me, Et

Me—P=O

6. Synthesis of nitrogen-containing compounds
Sulfenamides are good amidating reagents with respect to 5-esters
of thiocarboxylic acids, carboxylic anhydrides, and acyl chlorides.
This feature is often used in syntheses of various jV-substituted
carboxyamides. The corresponding reactions occur in the pres-
ence of tervalent phosphorus compounds under rather mild
conditions to give the target products in high yields.23-121 ~123

PhSNR'R2 + R3CSR4

O

R3CNR'R2

O

PhSSR4

R1 = Me, Et, Bu, Bz; R2 = Me, Et, Bu, Prj;
R3 = Me, Et, Bu, Ph; R4 = Ph, 4-O2NC6H4

PX
ArSNR'R2 + R3COC1 R3CONR'R2 + ArSCl

2ArSNHPh O

O

PX3

-X3PO
2RCNHPh + ArSSAr

O

The role of the catalyst is to form the intermediate phosphonium
salts with sulfenamides having a highly polarised S —N bond.124

Different rearrangements of sulfenamides are often used in the
syntheses of functionally substituted aromatic amines. For exam-
ple, the heating of ,/V-(phenyl)arenesulfenamides in aniline in the
presence of hydrochloric acid results in a mixture of ortho- and
para-substituted aniline derivatives.125

NHSAr NH2 NH2

PhNH2, HC1
195 °C '

SAr

Under similar conditions, 7V-phenyl-2-nitrobenzenesulfen-
amide gives a mixture of 2- and 4-aminodiphenyldisulfides,
phenothiazine, and 2-aminobenzenesulfenanilide.126

When heated in CCU, Af-methyl-Af-phenylmethanesulfen-
amide rearranges into 4-methylthio-Af-methylaniline.127

Me—NSMe

SMe

When 4-nitrobenzenesulfenamide reacts with liquid ammonia
in an autoclave, a mixture of 4-nitroaniline, 4,4'-dinitrodiphenyl-
disulfide, and 4-nitrothiophenol is formed.128 In addition to
various rearrangements, other transformations of sulfenamides
are used in the syntheses of functionally substituted aromatic
amines. For example, the treatment of iV-(4-nitrophenyl)-
benzenesulfenamide with di-terf-butyl hyponitrite at 40 °C in
terr-butyl alcohol has been reported129 to yield a radical
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4-O2NC6H4NSPh, which transforms to the N-nitroaniline under
the action of Bu3SnH. Vicarious nucleophilic substitution of the
hydrogen atom in the aromatic nucleus of nitroarenes using
iV-unsubstituted sulfenamides has been described.130 For exam-
ple, the amination of nitrobenzene with 1-pyrrolidino-
carbonylsulfenamide in DMF in the presence of potassium
/er/-butoxide produces a mixture of 2-nitro- and 4-nitroanilines
in yields of 34% and 41.5%, respectively. The amination of
1-nitronaphthalene with benzothiazole-2-sulfenamide in DMSO
in the presence of potassium ;er/-butoxide gives a mixture of
2-amino-l-nitro- and 4-amino-l-nitronaphthalenes in 11% and
75% yield, respectively.

Among other nitrogen containing compounds that have been
synthesised from sulfenamides, tetrasubstituted hydrazines
should be noted; they are formed by dimerisation of thioaminyl
radicals generated from sulfenamides.131'l32

2PhSNH

7. Synthesis of heterocyclic compounds
The use of sulfenamides in the synthesis of heterocyclic com-
pounds is mainly based on the following transformations:
a) generation of highly reactive intermediates and their reactions
with unsaturated compounds; b) thermal rearrangements of
sulfenamides; and c) various cyclisation reactions of sulfenamides.

a. Generation of highly reactive intermediates and their reactions
with unsaturated compounds
Generation of nitrenes. The generation of nitrenes from
,/V-unsubstituted sulfenamides followed by their reactions with
alkenes is one methods for the synthesis of ./V-arylthioaziri-
dines.133^135 Nitrenes are generated in situ by the action of lead
tetraacetate on Af-unsubstituted sulfenamides that contain strong
electron-acceptor groups at the sulfur atom, such as 2,4-dinitro-
phenyl.

NO2

O2N •SNH2

Pb(OAc)4

NO2

O2N

O2N

•SN:
R'R2C=CHR3

NO2

R1 = H, Me,Ph, H2C = CH2; R2 = H, Me, Ph; R3 = H, Me

It is noted 133'135 that 2,4-dinitrobenzenesulfenamide is oxi-
dised by lead tetraacetate in the presence of (Z)-phenylpropene to
give a mixture of trans- and cw-l-(2,4-dinitrophenylsulfenyl)-2-
methyl-3-phenylaziridines, their ratio being dependent on the
nature of solvent, on the ratio of the reactants, and on the order
of mixing the reagents.133'135 For example, in benzene, the ratio of

trans- and c/s-isomers is 1:1, while in chloroform and dichloro-
methane it is 3 :1 . In more polar solvents (MeCN, MeOH), the
overall yield of both isomers decreases. If lead tetraacetate is
added to a mixture of 2,4-dinitrobenzenesulfenamide and (Z)-
phenylpropene, Af-(2,4-dinitrophenyl)-2,4-dinitrobenzenesulfen-
amide is formed together with aziridines, and partial isomeriza-
tion of (Z)-phenylpropene to (£)-phenylpropene is observed.
However, the addition of a mixture of 2,4-dinitrobenzenesulfen-
amide and lead tetraacetate in chloroform to (Z)-phenylpropene
results only in high yields of aziridines. The oxidation of 2,4-
dinitrophenylsulfenamides is assumed133 to produce initially a
triplet nitrene in equilibrium with the singlet one, both of which
react with (Z)-phenylpropene. This concept is supported by the
fact that the introduction of 4-ClC6H4SCH2CH = CH 2 , which is
an efficient trap for singlet nitrenes, into the reaction mixture
changes both the overall yield of aziridines and the ratio of
isomers, while in the presence of efficient traps for triplet
nitrenes, e.g. alkenes, PhC(R) = CH2 (R = Ph, Me), the ratio of
cis- and //ww-isomers does not change, while the overall yield of
aziridines decreases.

Generation of iminyl radicals. The generation of iminyl radicals
from sulfenamides containing C = N and C = C bonds, and their
subsequent addition to alkenes, is the basis for the synthesis of
various pyrrolines. For example, a preparative method of syn-
thesis of the pyrroline system is described 136 which involves the
interaction of sulfenamide Me2C = CHCH2 - CH2C(Me) = NSPh
with the alkenes H2C = CR' R2 (R' = H, COOBu1; R2 = COOMe,
COOBu1, CN) in the presence of BusSnH - azobis(isobutyro-
nitrile) (AIBN).

R1 = H, COOBu';
R2 = COOMe, COOBu1, CN

It is supposed136 that the iminyl radical generated from the
sulfenamide is transformed, via cyclisation, to the carbon-centred
pyrrolinyl radical whose addition to the alkenes gives the final
product.

Me

Y=CHCH2CH2C=NSPh B u 3 S n H ~ A I B N >

Me Me

Me

C=CHCH2CH2CH—NSPh

Me

Me

Me-A
Me CH2CHR'R2

Me-Y
\-N H2C=CR'R2

( \ N

/ ^
Me

Bu3SnH / A
Me

In this case, inconsiderable amounts of the products of the double
addition of the primary pyrroline system to alkenes are formed, as
well as the products of its stabilisation without subsequent
addition.

Similarly, when the sulfenamide H2C = CHCH2.
.CH(CH2)4C = NSPh reacted with H2C = C(COOBu')2 in the
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presence of Bu3SnH - AIBN,'36 the heterocyclic ester was isolated
as the main product.

H
COOBu1

COOBu1

The transformation of 4-substituted 7V-(aryl)benzenesulfen-
amides into phenazine derivatives in the presence of lead tetra-
acetate or upon electrolysis is also assumed to occur via iminyl
radicals.34

+ PhSSPh

X = Me, Cl, OMe

Generation of thionitroso compounds. A method for the synthesis
of N-substituted derivatives of 1,2-thiazine has been described,'37

which involves the cycloaddition of dienes, (£,£)- and (E,Z)-
MeCH = CH—CH = CHMe, to arylthionitroso compounds
ArN = S (Ar = 4-MeOC6H4, 4-BrC6H4, 4-MeC6H4, 4-ClC6H4),
obtained upon the action of triethylamine in acetone on sulfen-
amides

NSNHAr.

The cycloaddition occurs with retention of configuration of the
initial dienes, and the following products are obtained, respec-
tively:

Generation of tbiones. In the presence of organic bases, sulfen-
amides with p,p'-dicarbonyl fragments at the sulfur atom rela-
tively readily transform into a,a'-dioxothiones. The latter
undergo Diels-Alder type reactions with unsaturated com-
pounds to yield various cyclic products.138 A convenient prepara-
tive method for the synthesis of some 5,6-dihydro-l,4-oxathiine
derivatives has been developed taking into account these fea-
tures.44-138

b. Thermal rearrangements of sulfenamides
Sulfenamides containing ethenyl and ethynyl fragments at the
sulfur atom are usually prone to thermal rearrangement resulting
in heterocyclic systems. For example, heating of the sulfenamide
Ph(Me)C = NSCH = CH2 for 40 h in 1,2-diethoxyethane under
nitrogen flow gives a 40% yield of 2-phenyl-pyrrole.12 Under
similar conditions, the sulfenamide cyclo-C6Hio = NSCH = CH2
gives 4,5,6,7-tetrahydroindole in 60% yield.12 Upon heating in
toluene, Af-(l-naphthyl)-ethenesulfenamides undergo a [3,3]-sig-
matropic rearrangement with subsequent elimination of hydrogen
sulfide and formation of l-R-l#-benz[g]indoles (R = H, Me).139

Similar rearrangement with subsequent cyclisation occurs upon
heating N-aryl-1-alkynesulfenamides in anhydrous benzene in an
argon atmosphere.140

4-R1C6H4N-SC=CR3

C = C = S

R1 = H, Me; R2 = Me; R3 = Me, Me3Si

c. Cyclisation reactions of sulfenamides
The possibility of cyclisation of sulfenamides to heterocyclic
systems depends on several factors, and mainly on the nature
and the structure of substituents at the sulfur and nitrogen atoms,
their mutual arrangement, as well as the lability of the S — N and
of other bonds in the molecule. Taking into account these factors,
preparative synthetic methods for various heterocyclic systems
have been developed. For example, N-monosubstituted
arenesulfenamides containing the alkoxycarbonyl group in the
ortho position have successfully been used for the synthesis of
1,2-benzothiazole derivatives. Intramolecular cyclisation of such
sulfenamides occurs relatively readily in alcoholic media in the
presence of alkoxides.141

COOMe
ROH,

SNHR

R = Me, Et, Pr, PhCH2,4-MeOC6H4

Intramolecular cyclisation of Af-unsubstituted arenesulfen-
amides containing the nitro group in the ortho-position occurs in
the presence of phosphorus acid chlorides [POC13, PhOP(O)Cl2,
(PhO)2P(O)Cl] and organic bases to give benzo-l,2,3-thiadiazole
3-oxide hydrochlorides.142

>••»

R1 = Me, R2 = MeO(70%); R1 = 4-MeOC6H4, R2 = SPh(87%)

R = H, NO2

A simple and efficient method for the synthesis of 1,3,4-oxa-
thiazolium perchlorates has been described l43 that involves the
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cyclisation of 7V-(acyl)arenecarbonylsulfenamides in acetic anhy-
dride in the presence of 70% HC1O4.

R'COSNH2 + R2COC1

S—N

CH
O O

:C]2,Py II II
, „„,>- R'CSNHCl

Ac2O, HC1O4

R 2 C1OJ

R1 = 4-MeOQH4; R2 = Me, Ph, 4-MeOC6H4

Sulfenamides

R1 Q

(R' = H, Me, Et, R2 = Me, Et, Bu') form144 a diastereomeric
mixture (93:7) of thiirane derivatives when treated with 2 equiv.
of LiEt3BH, NaBH4, or LiAlH4 in THF at - 78 °C.

H

R= Me, Et

Owing to the high reactivity of the trichloromethyl group a
rather wide range of methods for the synthesis of various
heterocycles has been developed based on A'-substituted
trichloromethanesulfenamides. For example, Ar-(aryl)tri-
chloromethanesulfenamides cyclise in the presence of alcoholic
alkali to give 2,5-diaryl-3,3,6,6-tetrachloro-2,3,5,6-tetrahydro-
1,4,2,5-dithiadiazines.8-38

Cl

2ArNHSCCl3
MeOH, NaOH

-2HC1 *
A r — N

Cl—^1 S

Z\

Cl

N—Ar

Ar = Ph,4-MeC6H4 ,4-MeOC6H4

Under the action of bases (NaOH, EtONa, Et3N, Py),
JV-(acyl)trichloromethanesulfenamides cyclise to form 5-R-1,3,4-
oxathiazol-2-ones.145-146

t
RCNHSCCb

OH-
-HC1 R—C,

O—CCb
/ \ H2O

-2HC1

O C = O
/ \

R = Ph, 4-MeC6H4 ,4-MeOCsH4 , 3-MeOC6H4, 3,5-Me2C6H3

In the presence of triethylamine, ./V-(trichloromethyl-
thio)arenesulfonamides are converted into 2,4-dichloro-2,4-
bis(chlorothio)-1,3-bis(arylsulfonyl)-1,3-diazetidines.8

2Et3N - HC1
-2Et3N-HCl*

NSO2Ar
\ /

c i s / Nci

A series of 1,2,4-thiadiazole derivatives have been synthesised
by the reaction of jV-(pyrid-2-yl)- and ^-(tetrahydropyrid-
2-yl)trichloromethanesulfenamides with 2-aminopyridine 147> l48

or benzoylacetic acid.149

C13CS

A considerable number of sulfur - nitrogen-containing hetero-
cyclic compounds were obtained by reactions of trichloro-
methanesulfenyl chloride with various nitrogen-containing
compounds, without isolating the intermediate TV-substituted
trichloromethanesulfenamides. Methods for the synthesis of
these heterocycles are described in detail in a review 8 and in the
literature cited therein.

8. Synthesis of iminosulfur compounds
a. Synthesis of amides of sulfinimidic acid
Several methods for the synthesis of amides of sulfinimidic acids
based on sulfenamides have been developed. One of the most
common methods is based on oxidative imination of sulfenamides
with TV-halo compounds. The main advantage of this method is its
one-step character, as well as the possibility of synthesising amides
of sulfinimidic acids of varying structure by altering the nature of
both the sulfenamide and the iminating reagent. For example, the
amides of arenesulfinimidic acids containing acyl and carbox-
imidoyl groups at the nitrogen atoms can be obtained by oxidative
imination of 7V-(acyl)arenesulfenamides with 7V-bromoamidines,
or by oxidative imination of /V-(carboximidoyl)arenesulfen-
amides with /V-chlorocarboxamides.150

ArSNHCOR + BrNHC
B

\ -HBr

B
ArSNHC + C1NHCOR _ H Q

NH

NCOR

N H - C
NH

Ar = 4-O2NC6H4; R = Me, Ph

./V-Bromoamidines also react relatively readily with
JV-(carboximidoyl)sulfenamides to give salts of A^iV'-bis-fcar-
boximidoyl)amides of sulfinimidic acids which form triazines
upon heating.151-152



434 IV Koval'

NH

RSNHC + BrN=C

V R
R

N—C=NH 2

RS
\

N=C—NH 2

R

R = Alk, Ar

A series of amides of sulfinimidic acids containing the same or
different acyl groups at the nitrogen atoms was obtained by the
oxidative imination of Af-(acyl)sulfenamides with N-chlorocarb-
oxamides in the presence of organic bases (RONa, Py,
Et3N).153-154

R'SNHCOR2 + R3CONHC1 —^-»> R'S=NCOR3

-HC1 |
NHCOR2

R1 = 4-O2NC6H4,CCl3;
R2 = Me, Et, Ph, 4-MeC6H4, PhCH2, NH2 , PhNH;
R3 = Me, Ph

Several amides of sulfinimidic acids containing arylsulfonyl
groups were synthesised from sulfenamides and sodium Af-chloro-
sulfonamides.19 '20.3565-146155-1"

R'SNR2R3 + ArSO2NNaCl _ N a C » R'S=NSO2Ar

NR2R3

R1 = Ar, Me, CH2C1, EtOCCl2, CC13, CC12F, CF2C1;
R2 = H, Alk, Ar, Ac, ArSO2, CN; R3 = H, Alk, Ar

RSN = X + ArSO2NNaCl
—NaCl

RS=NSO2Ar
I

N = X

R = Ar; X = S(O)Ph2, C(OMe)NH2, C(OEt)NH2, C(SEt)NH2,
C(NH2)NH2

Yet another method of synthesis of amides of sulfinimidic
acids from sulfenamides involves chlorination of sodium
AHarylthioJarenesulfonamides with chlorine in the presence of
Ar-nucleophiles.164-166

[R'SNSO2Ar]"Na+

R1 = 2-O2NC6H4,2,4-(O2N)2C6H3;

R2, R3 = Et, CSH11, iso-CsH 11; R2 + R3 =

R'S=NSO2Ar

NR2R3

O
II

The reaction of 7V,7V-dialkylsulfenamides with N-chloro-
succinimide gives sulfonium salts which form amides of sulfin-
imidic acids in the presence of amines.l68

R'SNR2R3 + C1N

o o
R'S—NR2R3

N

NCCH2CH2CNHR4

p i - ?-+• R'S
U -HC1 K \

NR2R3

R1 = Alk, Ar; R2 = R3 = R4 = Alk

b. Synthesis of sulfinimidoy I chlorides
Sulfmimidoyl chlorides are obtained by oxidative chlorination of
sulfenamides containing N —H, N = C, N —Si, and N —Na
groups, usually in anhydrous aprotic organic solvents.169"174

R'S—N R ' S = N R 2

R' = Ar, CF3; R2 = ArSO2, ArCO, CF3S, Me3Si, Bu<;
X = H, Na, Me3Si

Ph
I

- 4-RC6H4S=NC—CF3

Cl Cl

4-RC6H4SN=CPh

CF3

c. Synthesis of alkyl sulfinimidoates
A simple and efficient method of synthesis of alkyl /V-(aryl-
sulfonyl)sulfinimidoates has been developed, which involves the
chlorination of sodium ^-(arylthiojarenesulfonamides with tert-
butyl hypochlorite or chlorine in alcoholic media.175"177

RONa, Cl2
ArS—N—SO2Ph _ 2 N a c i > ArS=NSO2Ph

Na OR

65%-90%
R = Me, Et, Pr, Pr' Bu, Bu'

d. Synthesis of sulfurdiimines
iV-Unsubstituted arenesulfenamides react with sulfur dichloride in
anhydrous benzene to yield Af,iV'-bis(arylsulfenyl)sulfurdi-
imines.178

ArSNH2 + SC12
 C l i H 6 '1 8 C» ArSN=S=NSAr

70%
Ar = 4-O2NC6H4

The reaction of sodium 7V-(arylthio)arenesulfonamides with
jV-haloimides is one of the modifications of this method.166-167

[RSNSO2Ph]-Na+ + XN Y — r r - 7 ^ RS=NSO2Ph

R = 2-O2NC6H4,4-O2NC6H4; X = Cl, Br;
O
n

o
Y

6
O

N Y

Sulfurdiimines are obtained in the reaction of ./V,iV-bis(tri-
methylsilyl)sulfenamides with Af-substituted 5,S-dichlorosulfin-
imides.179

R'SN(SiMe3)2 + C12S=NR2 " • 8 0 °
RISN=S=NR 2

R1 = Et, Ph; R2 = Ts, 4-O2NC6H4, 2,4,6-Cl3C6H2, 2,4,6-Br3C6H2

resulted
from the reaction of 2,4,6-tri-rer/-butylbenzenesulfenamide with
lead tetraacetate.180
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9. Synthesis of sulfin- and sulfonamides
The oxidation of sulfenamides can yield either sulfin- or sulfon-
amides, depending on the nature of the sulfenamide and the
oxidant, on their ratio, and on the oxidation conditions. Man-
ganese dioxide,181 m-chloroperbenzoic acid (MCPBA),182"184

jV-chlorosuccinimide,185 N-chlorobenzo-triazole,186 and other
reagents184 are generally used as the oxidants. MCPBA is the
most common oxidising reagent for the synthesis of sulfin- and
sulfonamides from sulfenamides. The use of 1 equiv. of MCPBA
yields sulfinamides, while three or more equivalents of the
oxidising reagent are required for the preparation of sulfon-
amides, as exemplified by the oxidation of ,/V,Ar-disubstituted
trichloromethanesulfenamides.

CUCSNR'R2 —

1 equiv. MCPBA, 0 °C> c , 3 C S N R l R 2
cyclo-C6Hi2 ||

O

C13CSO2NR'R23 equiv. MCPBA, 0 °Q
cyclo-C6H,2

R1 = Alk; R2 = Alk,Ar

The oxidation of JV-arylalkylidenesulfenamides with 1 equiv.
of MCPBA results in jV-suIfinylimines, while a large excess of
MCPBA leads to iV-alkylsulfonylaziridines of (£)-configura-
tion.34

RS

Ar

H

1 equiv. MCPBA

RS

A
wo

Ar

H

3 equiv. MCPBA

R—S
11

Ar

H
11%
O

R = Me, Bu, PhCH2

The oxidation of 6-ethoxybenzothiazole-2-sulfenamide to the
corresponding sulfonamide has been shown184 to occur smoothly
in the presence of MCPBA, while the use of hydrogen peroxide or
tert-butyl hypochlorite is accompanied by oxidation of the
heterocycle. The reaction of sulfenamides with TV-chlorosuc-
cinimide proceeds via the intermediate succinimidosulfonium
salt.185

R2

R ' S N ' + C1N

R'S—NR2R3

H.O/KHCO3, S
Q ii s

R2

; -HC1
O

Optically active sulfinamides are obtained by oxidation of the
corresponding sulfenamides with N-chlorobenzotriazole in the
presence of L-menthol or D-tartrate.186

IV. Practical application of sulfenamides
1. Biological activity of sulfenamides
After the first reports on the biological activity of sulfenamides,187

investigations in this area began to develop intensely. Many
patents and scientific papers devoted to this problem have been

published. An analysis of the results obtained has been partially
reviewed.8-23-24-188189 The main achievements involve: the dis-
covery of the fungicidal activity of some sulfenamides, the
development of technology for the manufacture of highly effec-
tive sulfenamide-based fungicides, and their application in agri-
culture. The Af-(trichloromethyl)thiophthalimide, Phthalan, is
one of the most valuable fungicides of this series.190-l91

This sulfenamide is widely used as a standard fungicide,
against the diseases of apples and pears (tetter), stone-fruits (leaf
spots), grapes (mould, anthracnose, red-rot, black, white, and
grey rot), gooseberries and currants (anthracnose), tomatoes and
potatoes (phytophthora infection).

Af-Trichloromethylthio-1,2,5,6-tetrahydrophthalimide (com-
mercial name Kaptan) is also a very valuable fungicide.190-191 It
is widely used against diseases of apples, pears, stone-fruits,
strawberries, berry bushes, grapes, tomatoes and potatoes.
Mesulfan190 and Difolathan190 are characterised by the same
fungicidal properties.

O

Cl3CSN(SO2Me)C6H4Cl-4 C12HCCC12SN

6

The sulfenamides FCl2CSN(Ph)SO2NMe2 (Euparen) and
FCl2CSN(SO2NMe2)C6H4Me-4 (Euparen-M) are also effective
fungicides.191-192 They are used against the diseases of apples,
currants, and grapes. The sulfenamides

C1CH2SO2NSCC13 MeSO2NSCCl2F

F3C C13CS F3C

a F3C NO2

appear to have similar fungicidal properties.34-193-194

Some phosphorus-containing sulfenamides also exhibit rather
high fungicidal activity,34-195~19?

CbFCSN—
|

.OMe O2N

NO2

"CHMe2

as well as some derivatives of sulfenylurea 198-199 which in addition
display insecticidal activity.200
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1 1 1 1
FChCS—N N NHPr MeS—N lNT^SP

| H | H
Me CHMe2

O2N

Some Af-substituted 4-pyridinesulfenamides201 and 2-nitro-
benzenesulfenamides202 exhibit herbicidal, insecticidal, and
nematocidal activity.

SNR'R2

Cl

R1 = R2 = H, Me, Et, etc.;
R3 = F, Cl

SNHR

R = H, 2-O2NQH4S, PhCO,
PhSO2

The sulfenamides of the general formula

-SNHCOR2

R1 = H, Cl, NO2; R2 = Me, EtO, Ph.

are plant growth regulators.203

2. Sulfenamides in the rubber industry
In the rubber industry, sulfenamides are mainly used to accelerate
the process of rubber vulcanisation34> 204'205 owing to the high
lability of the S — N bond and to its relatively easy homolysis to
yield sulfenyl radicals that participate in the vulcanisation
processes. Sulfenamides meet all the main requirements for
industrial vulcanisation accelerators. In addition to intensifica-
tion of the process, sulfenamides affect the structure of the
resulting cross-linked structures, thus largely predetermining the
mechanical properties of the rubber.

2-Benzothiazolesulfenamides are efficient accelerators of
rubber vulcanisation;204-205 they have found wide industrial
application.

For example, Af,A'-(diethyl)benzothiazole-2-sulfenamide
(R' = R2 = Et) is an efficient delayed action accelerator at the
beginning of vulcanisation. It provides the rubber with strong
resistance to ageing and good elasticity. In particular, it is very
efficient for rubber working under hard, dynamic conditions.

A'-(/er/-Butyl)benzothiazole-2-sulfenamide (R1 = H, R2 =
Bu') is also an efficient delayed action accelerator. It results in
rubber with strong resistance to ageing, and is used for the
production of protectors and carcass rubber.

iV,./V-(Diisopropyl)benzothiazole-2-sulfenamide (R1 = R2 =
Pr') is used as markedly delayed action accelerator which

increases the resistance of rubber mixtures to prevulcanisation as
well as to ageing.

Af-(terr-Octyl)benzothiazole-2-sulfenamide (R1 = H, R2 =
Me3CCH2CMe2> is characterised by distinct delayed action at
the beginning of vulcanisation. It prevents rubber mixtures
undergoing premature vulcanisation.

A'-(Cyclohexyl)benzothiazole-2-sulfenamide ( R 1 = H , R2 =
cyclo-C6Hn) is a very efficient delayed action accelerator at the
beginning of vulcanisation. It provides rubber of high elasticity
and increased tensile strength as well as good durability. This
accelerator is used for the manufacture of protectors and tyre
carcasses. Ar-(Hexamethylene)benzothiazole-2-sulfenamide
[R1 + R2= -(CH2)6-],aswellasbenzothiazole-2-sulfenomor-
pholide and -(2,6-dimethylmorpholide) [R1 + R 2 = (CH2CH2)2O
and (CH2CHMe)2O, respectively], display analogous functional
activity.

A',A;-(Dicyclohexyl)benzothiazole-2-sulfenamide ( R 1 = R2 =
cyclo-CeHn) is also a pronounced delayed action accelerator at
the initial stage of vulcanisation and provides rubber mixtures of
high elasticity and strong resistance to ageing. This accelerator is
used in the manufacture of tyres, transporters, shock absorbers,
etc.

The thiocarbonylsulfenamides of the general formula

\ i /—\
N—CSN O

X = O,CH2.

are even more efficient vulcanisation accelerators than the
benzothiazole-2-sulfenamides.206'207

The sulfenamides RSN(X)SO2Ph [X = S(R) = NSO2Ph;
R = Ph, 4-MeC6H4, benzoxazolyl] have proved to be efficient
accelerators of vulcanisation of butadiene-nitrile rubber 'SKN-
26 ' 208,209

Sulfenamides are also used, but not so often, as vulcanisation
inhibitors to prolong the prevulcanisation period.210"213 Usually,
Af-substituted sulfenamides with acyl, arylsulfonyl, and other
substituents display these properties.

3. Sulfenamides in the chemistry of polymers
To protect polymers from oxidative degradation specific anti-
oxidants are introduced into polymers. They not only prevent
oxidation, but often suppress other undesirable processes fav-
oured by oxygen or peroxides. According to the generally
accepted mechanism of oxidant activity,214 their main role is to
bind the active radicals R \ RO', ROO', HO' formed under the
action of oxygen. This results in stable substances or stabilised
radicals, X', that cannot attack a new polymeric chain.

R+ HX —
RO + HX -

ROO + HX

HO" + HX-

X' + X —*•

•*• R H + X

-*• ROH + X-

—*- ROOH + X

-*• HOH + X-

X—X

If we take these criteria into account, sulfenamides can be
considered as potential polymer antioxidants. Similar to the
secondary amines used as industrial antioxidants,214 Af-mono-
substituted sulfenamides are prone to eliminate a hydrogen atom
from the nitrogen atom to produce aminyl radicals; this process
can occur in the presence of peroxide radicals.

+ ROO -ROOH
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Pr'S—N O

On the other hand, the presence of bivalent sulfur in the
sulfenamide molecule, which is able to pass to a higher valence
state in the presence of oxidants, should favour the antioxidative
properties. Hence, ./V-(cyclohexyl)pentachlorobenzenesulfen-
amide has been proposed as an antioxidant for polyolefins.215

One serious problem hindering the processing of poly(vinyl
chloride) is its thermal instability. Thermal destruction of
poly(vinyl chloride) occurs in a temperature range of
130-170°C, while the plastic state which is necessary for
processing is reached at a temperature higher than 200 °C.216

The processing of poly(vinyl chloride) is therefore performed after
it has been stabilised. The destruction process of this polymer is
rather complicated and has not yet been entirely studied. How-
ever, radicals are assumed to play the main role in this
process.214-215 The destruction is initiated by the R' radical, which
is formed from admixtures or from the polymer itself upon
heating.

During degradation, the initially colourless poly(vinyl chlor-
ide) first turns yellow, then orange, brown, and black depending
on the concentration of conjugated double bonds, which, in turn,
depends on the extent of the degradation. It is supposed214 that
HC1 liberated is a catalyst of this process, and the role of
thermostabilisers is to bind it. However, another mechanism of
action of thermostabilisers involving a capture of R' radicals and
their transformation into inactive products at the beginning of the
initiation, should not be excluded. Apparently, the thermostabi-
lisation of poly(vinyl chloride) in the presence of some
N-substituted sulfenamides occurs according to this scheme.
Thus, high thermostabilising activity of Af-(cyclohexyl)thiazole-
2- and benzothiazole-2-sulfenamides towards poly(vinyl chloride)
has been reported.215

The following sulfenamides have been proposed to thermo-
stabilise halogenated butyl rubber.215

4. Sulfenamides as Pharmaceuticals
Some sulfenamides are potential Pharmaceuticals. Thus, sulfen-
amides of the pyrimidine series have proved to be antihemorrhagic
inhibitors of lipoxygenase and hinder leukocyte migration.217-218

The oxazolidinone sulfenamide has been described219 which, in
addition to the above mentioned properties, also displays anti-
asthmatic activity.

N NHSR

R = Ph, Prj
I

3-Nitropyridine-2-sulfenamide and its analogues display anti-
tumour activity.

5. Sulfenamides as electrolytic additives
The application of ./V-phenylthio-iV,JV'-bis(phenylsulfonyl)ben-
zenesulfinamidine as an additive to the electrolyte for silver
plating of metals was shown to improve the coating quality.220

The use of this electrolyte provides coatings with fine crystal
structure, lustre, and good adhesion to a support.

Thus, application of sulfenamides in fine organic synthesis is
based on the specific features of their structure and reactivity,
namely the presence of two active centres (S and N) and the high
lability of the S —N bond. The capability of this bond to be
relatively easily cleaved in the presence' of both nucleophilic and
electrophilic reagents, as well as to be homolysed, enables sulfen-
amides to be used as carriers of the sulfenyl group in syntheses of
sulfides, disulfides, esters of sulfenic acids, and other sulfur-
containing compounds, and to be used as a protective function
in syntheses of peptides and alkaloids. The ability of sulfenamides
to generate various highly reactive intermediates is a property of
synthetic importance, which is widely used in< syntheses of
heterocyclic compounds and various sulfur-imino compounds.
The practical application of sulfenamides in the rubber industry,
macromolecular chemistry, agriculture, and other areas is of no
less importance.

The search for, and development of, unusual methods of
sulfenamide synthesis, such as the chlorosulfenylamidation of
alkenes and alkynes, sulfenylamidation of CH-acids, etc., seem
in the immediate future to be the main directions of research in this
field of organic synthesis. The study of the reactions of sulfen-
amides involving the generation of various highly reactive inter-
mediates should progress considerably. Their employment in
organic synthesis will prompt the emergence of new polyfunc-
tional compounds, including potentially valuable ones.
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Abstract. The review is devoted to natural unsaturated acyclic
acids containing oxygen functions. Compounds of the aceto-genin
and propiogenin types containing hydroxy, oxo, and epoxy
groups as well as ether, hydrofuran, and hydropyran fragments
are considered. Data are given on the biological activities of the
acids themselves or of natural compounds whose structural
elements are unsaturated acids. The methodology and strategy
of the synthesis of both Linear unsaturated hydroxy and alkoxy
acids and those containing a heterocyclic fragment are discussed.
The bibliography includes 172 references.

I. Introduction
The unique biological role of oxygen-containing unsaturated
acids is generally acknowledged. By now, a unified theory for the
arachidonic acid cascade has been elaborated, which provides,
together with offering a deeper insight into the mechanism of
oxidative metabolism, a means to important discoveries in bio-
organic chemistry and medicine. More and more attention is being
given to hydroxy unsaturated acids as promising tools in the self-
defence of plants against fungal diseases. The development in the
foreseeable future of radically new fungicides, which are active
even when used at nanogram concentrations, is becoming ever
more realistic. Of significant interest are unsaturated acids that
possess the ability to control the biosynthesis of cholesterol. A
striking diversity of biological activities has been found among the
unsaturated acids and compounds containing their fragments,
isolated from marine organisms.

Thus, the importance of biological screening, however modest
are the means it employs, is in no doubt. At present, biotesting is
becoming a more and more sophisticated procedure, which
reflects the increasing interest in naturally occurring acids shown
by numerous laboratories and firms engaged in the design of
medicinal drugs and means for raising agricultural yields.
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Nevertheless, the chemistry and biochemistry of oxygen-
containing unsaturated acids discussed herein needs further
extensive research. It can be said with confidence that this class
of natural compounds is of interest both to synthetic chemists and
specialists dealing with the development of technological methods
for the synthesis of natural compounds and their analogues with
predetermined biological activity.

While preparing the present review, the authors were faced
with the necessity to restrict its remit and exclude from the
consideration:

lactones of hydroxy unsaturated acids meriting special atten-
tion;

macrolide antibiotics that are regularly covered in reviews and
monographs;

compounds of the arachidonic acid cascade with the exception
of certain metabolites;

polyester toxins of the ocadaic acid type.
The review is concerned with the acids and their derivatives, in

the structure of which a continuous carbon chain can be traced
providing for the formation of oxygen-containing heterocycles of
the hydrogenated furan and pyran type. In some cases, metabo-
lites of unsaturated acids are considered that have an ether group,
which interrupts the continuous carbon chain, as well as halogen-
containing acids. Special attention is given to the biological
activities and physiological functions of the compounds under
discussion.

II. Linear unsaturated hydroxy and epoxy acids
and their derivatives

Many unsaturated monohydroxy acids are related to the group of
widely occurring natural compounds. Thus, in 1985 the worldwide
production of castor oil containing ricinoleic acid 1 as the major
acid component, amounted to 400000 tons.1 The technical
significance of castor oil is great. This includes polymeric
compounds and the production of sebacic and undecenoic
acids, as well as enanthal. Of great practical utility is the micro-
bial degradation of ricinoleic acid into the optically active
decanolide 2.

O^NcH 2 ) 5 Me
2
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The isolation of several monohydroxy monoenoic acids has
been described. Thus, 3-hydroxy-(5Z)-dodecenoic acid 3 has been
obtained from the lipids of the plant Serratia marcescens.2

(2/J)-Hydroxy-(15Z)-tetracosenoic acid is a constituent of the
galactosphingolipid 4 isolated from marine organisms.3

Lesquerolic acid 5 4 and the acid 6 5 have been isolated from
plants of the Lesquerella genus. Internodes of the timothy
(Phleum) infested with the fungus Epichloe typhii have been
found to contain the acids 7 and 8; the enhanced resistance of
the infested plants against some pathogenic fungi has been noted.6

The plant Acantopanax sessilifloria contains the acids 9 and 10
with an unestablished configuration of the asymmetric centre.7

The physiologically active 12-hydroxy-(9Z)-dodecenoic acid 11
has been isolated from homogenates of pea leaves;8 the synthesis
of this acid has been described.9 The sphingolipid 12 containing
(2/?)-hydroxy-(3£)-octadecenoic acid possesses antileukemic
activity.10 The structure of the antibiotic malingamide A isolated
from the marine alga Lyngbya mqjuscula involves (1R )-hydroxy-
(4£)-tetradecenoic acid 13 " (Scheme 1).

An important role in the vital activity of plants is played by
monohydroxy dienoic acids. Thus, dimorphecolic acid 14 isolated
from rice stems,12 from seed oils of Dimorphotheca and
Osteospermum,13 as well as from sea buckthorn oil,14 belongs to
the class of acids that provide defence against diseases in some rice
varieties known for their high productivity and resistance against
pathogenic fungi. Esters of the acid 14 also exhibit insecticidal
activity.l5 The synthesis of four geometric isomers of dimorphe-
colic acid16 has been performed. Densipolic acid 15 has been
isolated from the lipids of Lesquerella densipila.11

Much attention in the current literature is being given to
coriolic acid 16 detected as a component of sea buckthorn lipids14

and isolated as the (135) isomer from the roots of the rice plant.18

This compound can influence Ca2 + transport in the cell system of
some pathogens of rice diseases, which accounts for its role in self-
defence of the plant. Its (13fl)-isomer 17 and the geometric
isomers 18 and 19 exhibit similar fungicidal activity. The
synthetic dehydrocoriolic acids 20 and 21 display potent anti-
fungal activity.l8

The natural enynoic acids 2219 and 23 20 possessing antibiot-
ical and antifungal properties are also worth noting in this context
(Scheme 2).

14
HO' 'H
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R "
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R "
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(S)-16

v.*OH

18

^ ^

HO

^ R 2

^ R 2

R"

H<

R 1 X

17

^ P H

19

^ O H

^ %
21

H OH

23

R1 = C 5 H n , R2 = (CH2)7CO2H

Of particular interest is the detection of coriolic acid in heart
tissue mitochondria of patients with Mediterranean fever.
Highlighted is the role of (R )-coriolic acid in the control of
thrombosis, which is associated with its ability to block Ca2 +

transport.21 The synthesis of coriolic acid has been described in
Refs 22 and 23.

Hydroxydienoic acids 24-27 of unknown configuration have
been isolated from the seeds of the plant Galeopsis bifida.24

The configuration of the asymmetric centres of the acids 28 and
29 detected in some plants of the Acantopanax genus is
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Bi
_ iCH2)7CO2H

24

HiiCs (CH2)7CO2H
31

H

.CO2H

25, n = 7; 26, « = 9

H,,

H

34

OH

HO

(CH2)7CO2H

27

also unknown.7 The fungistatic activity of the fungus Epichloe,
which infests the timothy, is ascribed to the presence of the acids
30 and 31; the latter has been obtained synthetically.25

The seed oil of Securidaca longipedunculata contains
(9/?)-hydroxy-(5Z,7£)-tetradecadienoic acid 32.26 The acid 33
is the structural component of the nucleoside antibiotic produced
by Streptomyces griseosporeus.21 The optically active allenic acid
34 isolated from the plant Sapiunt japonicum has a potent
antifungal action.28

High biological activity has been detected in some monohy-
droxy tri- and monohydroxy polyenoic acids. The disease-
resistant rice variety Fukuyuki contains the Cis-trienoic acids 35
and 36 endowed with strong fungicidal activity.29 Their structures
have been confirmed by total synthesis.30

HON ~H
35

36
"(CH2)7CO2H

37: R1 = OH, R2 = H

38: R1 = H, R2 = OH

The acid 37 isolated from wheat epithelium turned out to be a
strong vasodilator that stimulates the protein inflow into the
ocular fluid. Noteworthy, its enantiomer 38 is fully devoid of
activity, while the (8£)-isomer 39 displays only 10% of the activity
of the natural acid (Scheme 3).31 The lipids of the Indian Ocean

H,,C5

39

40, n = 5; 41,« = 3

Hi,C5

CO2H

CO2H

H11C5

H11C5

H, ,C 5 '

CO2H

44

CO2H

VCO2H
45

H,,C5

OH 47 OH 48

,CO2H

H, ,C 5 '
49

_CO2H

51
XO2H
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black coral Leiopathes contain leiopathic acid 40 as well as the
acids 41 and 42.32 The sponge Echinochalina mollis inhabiting the
Coral Sea produces three hydroxypolyenoic acids, 43-45.3 3

The eicosanoid 46 has been isolated from the starfish Patina
miniata.34 Biologically active acids have been detected in red
algae. Thus, Litotamnion coralliodes and Litotamnion calcareum
produce the acids 47 and 48;35 pentaenoic acid 49 exhibiting
antimicrobial activity has been isolated from the alga Laurensia
hybrida.36 The high content of the acid 50 which inhibits platelet
aggregation has been found in the alga Murrayella periclados.36'37

The acid 51 isolated from the lipids of the alga Liagorafarinosa is
ichthiotoxic38.

Only a few unsaturated dihydroxy acids have been de-
scribed, and among them there are f/ireo-12,13-dihydroxyoleic
52,M 6,7-dihydroxy-(2Z,4£>octadienoic, and 8,9-dihydroxy-
(2£,4£,6£)-decatrienoic acids.

OH

C5H,
_ = / ( C H 2 ) 7 C O 2 H

OH 52

Dihydroxyoctadienoic acids are structural components of
the trichotecenoid toxins produced by the fungi Fusariwn,
Myrothecium, Trichoderma, and Cylindrocarpon. Trichotecenes
are strong poisons inhibiting such vital processes as protein and
DNA biosynthesis. Also known are mycotoxicoses, e.g., the
vomiting factor of Fusarium and toxic aleukia of pigs and cattle
fed on a pathogenic fungi-infested forage. Two types of toxins, 53
and 54, exist that contain dihydroxyoctadienoic acids. The anti-
biotic dioxamycin 55 comprises a fragment of decatrienoic acid. m

The extensive literature on trichotecenoid toxins has been
generalised in various monographs.41"43

53 54 H

OH

OH O
55

The dihydroxytetra- and pentaenoic acids 56 and 57 have
been isolated from the lipids of the red alga Farlowia mollis.4*

C 5 H n

R1 = H, R2 = OH; R1 = OH, R2 = H

(CH2)3CO2H

OH

A group of trihydroxy acids 58-62 has been isolated from
the stems of some rice varieties resistant to fungal diseases.45-46 It
has been demonstrated that wetting of rice seedlings in aqueous
solutions of these acids increases the resistance of the plant against
fungal diseases throughout the whole vegetation period.47

The pharmacologically promising trihydroxy acids 63-66 are
contained in the lipids of the medicinal plant Brionia alba.48-50

Like prostaglandins, the complex of these lipids increases smooth
muscle tonicity, lowers the glucose level in the blood, normalises
the lipid composition in liver and brain of experimental animals,
and produces stimulating and tonic effects. These acids are formed
by lipoxygenase oxidation of a-linolenic acid.

The sea alga Lyngbya majusculus contains malyngic acid 67,51

whereas the cyanobacteria (blue-green algae) produce its stereo-
isomer 68.52

OH

R1 R2 R3 R4

58 OH H H OH
59 OH H OH H
67 H OH H OH
68 H OH OH H

CH2)7CO2H

60
61
62

R1 R2 R3

H OH OH
OH H H
OH H H

R4 R5 R6

H H OH
OH OH H
OH OH H

>H

(CH2)7CO2H

(CH2)7CO2H

(CH2)7CO2H

(CH2)7CO2H

OH

Syntheses of some of these acids have been described in Refs
47,51-55.

Natural unsaturated acids are known that contain alkoxy,
oxo, and epoxy groups. The structural element of the malyng-
amides isolated from the alga Lyngbya majusculaus is (7/?)-
methoxy-(4£>tetradecenoic acid.56 Nontoxic stylocheiamides
have been isolated from the tissues of the ugrug Stylocheilus
longicanela, which feeds on this alga.57
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Malyngamide G contains (7«)-methoxy-(4£')-tridecenoic
acid.58 (25)-Methoxy-(5Z)-hexadecenoic acid 69, a tentative
structural component of sphingolipids, has been isolated from
the sea sponge Amphimedon compressa.59 The lipids of the green
sea alga Higginsia tethyoides contain the unique C28-acid 70.60

Me(CH2)9

Me(CH2)5
VOMe

70

The aldehydo acid 71 with antimicrobial action is present in
the lipids of the red alga Laurensia hybrida.36 The Cig-oxo acid 72
has been found in the seed oil of Gardenia lucida.61 The acids 73
isolated from the lipid fraction of Cuspidaria pterocarpa seeds
have a longer chain.62> 63 The hydroxyoxo acid 74 is formed in the
potato plant as a result of lipoxygenase oxidation of linolenic
acid.63

(CH2)3CO2H

(CH2)5CO2H

CH2)nCO2H

Me(CH2)

72

(CH2)7CO2H

74 OH

The red alga Ptilota fllicina produces the oxo acid 75
manifesting antimicrobial activity and the ability to inhibit
5-lipoxygenase and Na + /K+-ATPase.M The oxo acid 76 has
been isolated from the alga Lithotomnion coralliodes.65 Gram-
positive bacteria of the deep-sea sediment core produce macro-
lides and open-chain acids exhibiting antiviral activity. Among
them, macrolactinic 77 and isomacrolactinic 78 acids have been
identified; however, their absolute configurations have not been
established.6S

OH

CO2H

75

Hi,C5 CO2H

CO2H

OH

77: R1 = OH, R2 = H; 78: R1 + R2 = O

The Cantharellus cibarius (chanterelle) is one of the most
widespread edible mushrooms. Its resistance against parasites,
insects, and snails is due to the high content of cibaric acid 79.67

The dioxoacid 80, which has been named ostopanic acid, has been
isolated from the stems and fruits of the plant Ostodes paniculata.
Its ability to inhibit the growth of lymphocytic leukemia cells has
been reported.68

The antibiotic MG 398HF9A 81 with a unique structure
isolated from the culture of Pseudomonas azurea, has been
recommended for the treatment of fungal diseases69 (Scheme 4).

Vernolic acid 82, which has an epoxy group in its structure,
has been detected in the seeds of Euphorbia lagascea. '-21 The
epoxy acid 83, whose structure was confirmed by total synthesis,
had been isolated from rice.70 Like coriolic and vernolic acids, this
compound has been attributed to the factors that ensure self-
defence of the rice plant against pathogenic fungi. The fungus
Cephalosporium caerulens produces cerulenin 84, which inhibits
the biosynthesis of steroids and lipids. Its inhibition index for fatty
acid synthetase is very high ( JC = 1 ug ml" 1 ) . 7I As stated in
Ref. 13, sea buckthorn oil contains more than twenty epoxy acids
which have been identified by chromatomass spectrometry; their
major component is the 15,16-epoxy-octadeca-9,12-dienoic acid
of an unestablished stereochemistry.

Incubation of (8^)-hydroperoxyeicosatetraenoic acid with
homogenates of the coral Plexaura nomomalea affords the allenic
epoxide 85, an intermediate in the biosynthesis of the cyclopro-
pane eicosanoid 86 isolated from the coral.72

P. M
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H

HnC

H,,C 5 '

Me(CH2)nCH=CH(CH2)mCH(OH)—CH—CO2H

CO2H

86

87

88

^(CH2)6CO2H

Colnelic 87 and colnelenic 88 acids from potato have a unique
structure.73"75 It is assumed that these acids are formed due to
enzymatic rearrangements of the hydroperoxides produced by
lipoxygenase oxidation of linoleic and linolenic acids. It is
remarkable that the above compounds have a strong inhibiting
action on potato lipoxygenase.

III. Branched-chain unsaturated acids
Several a-branched mono- and dienoic acids have been isolated
from the lipids produced by mycobacteria and actinomycetes.
They involve corinomycolenic 89,76 nocardenoic 90,77 nocardie-
noic 91, a'-smegmamycolic 92, and a-smegmamycolic 93 acids.78

Me(CH2)nCH=CH(CH2)mCH(OH) — CH—CO2H

89, n + m = 14 (CH2)i2Me

Me(CH2),,CH=CH(CH2)mCH(OH) — CH—CO2H

9 0 , / = 7,9,11; (CH2),Me
« + m = 30, 32, 34

Me(CH2)nCH=CH(CH2)mCH=CH(CH2)^H(OH)—CH-COjH

91, k = 7,9, U;n + m + 1= 30,32 (CH2)*Me

92, n = 15,17;
m = 17,19

I
(CH2)2,Me

CO2H

Me(CH2)i7CH=CH(CH2)i3CH=CHCH(CH2)i7-CH(OH)-CH

93 Me (CH2)2,Me

Hydroxysterculic acid 94 is contained in the roots of the plant
Hibiscus rosa.19-i0 The fungus Nocardia produces the acid 95
possessing antiulcerous activity.81 The green alga Bifurcaria
bifurcata contains isoprenoid acid 96.82 The acid 97 has been
isolated from the fruits oiCydonia oblonga.83 Some hydroxy acids
containing methyl substituents are structural fragments of the
molecules of natural compounds. Thus, dendriphiellin 98 isolated
from the sea sponge Dendriphiella salina contains a fragment of
8-hydroxy-(6^?)-methylocta-(2£',4£')-dienoic acid84 and variotin
99, a potent inhibitor of fatty acid synthetase, is an amide of
6-methyltrienoic acid.71 The fungus Papularia spherosperma
produces the glycolipids, xanthicandin 100a and papulacandins,
e.g., papulacandin B 100b possessing strong fungicidal activ-
ity.85"87 Structurally related fungicides have been isolated from
cell cultures of the fungi Pialophora cyclaminis 88 and Dictyochaeta
simplex*9 (Scheme 5).

The pathogenic fungus Alternaria kikuchiana, the agent of the
black spot disease in strawberry, produces the toxins AF-II a, b, c
101 -103, AK-I, and AK-II104,90-91 whose structures have been
confirmed by total synthesis. 92-9i The ester of the oxotetraenoic
acid 105 isolated from the culture of Aspergillus versicolor has
been patented as a means for reducing the cholesterol level in the
blood.94 The sea sponges of Choristid sp.95 and Jaspidae96

contain the antibiotics bengamides A - F 106 and isobengamide
107, which are highly active against the parasites Nippostrongies
brasiliensis, streptococci, and fungi97'98 (Scheme 6).

The isolation of amides of the polyenoic acid with a more
complex structure has been described. Thus, Myxococcus xanthes
produces the antibiotics myxalamides 108, which demonstrate
high activity against gram-positive bacteria and yeasts.99 The
fungus Myxococcus stipitatus is a source of phenalamides 109 and

H OH

H, 1C5 v—V ( C H 2 ) 6 ^ X O 2 H

CO2H Scheme 5

V 94

CO2H

OH

OH

100a 100b OH
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Scheme 6
CO2H

CO2H
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HO OMe
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R1 = H, C12H25CO2;

HO HO OMe
O—

R2 = H, Me

110, which have been patented as a basis for medicinal drugs
designed for the treatment of fungal and parasitic diseases. 1 0 °- 1 0 3

Phenalamide C 111 has been noticed to inhibit strongly the
reproduction of the human immunodeficiency virus.
Malingamide E isolated from algae is the amide of 7-methoxy-9-
methyl-hexa-(4£)-decenoic acid 112.104 The sea sponge Clathria
contains clathrinamides 113 capable of inhibiting cell division, as
has been established in experiments with starfish eggs.105 The
molecule of the antitumour antibiotic AJL produced by
Streptomyces contains the acid 114 linked via an amide bond

108

R = Me, Et, Pr1, CH2CHEt

Me

O

with the fragment of a complex structure.l06 The structurally
simple hydroxy acid 115 is a constituent of the molecule of oxazole
macrolides (virginiamycins), which have found wide use as
antibiotic drugs.107 The antibiotic enacyloxin 116, which is
active against gram-positive bacteria and influences protein
synthesis, has a unique structure.108

The antibiotic conocandin 117109 and the compound 118 n o

are free acids. The fungus Xylaria cubensis produces the antibiotic,
cubensic acid 119 m (Scheme 7).

Scheme 7
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R = H, —CH(CH2)2CH(OH)Me

Me continued over
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HO'

Scheme 7 (continued)
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IV. Unsaturated di- and tricarboxylic acids and
their derivatives
The group of unsaturated dicarboxylic acids is not too numerous
but diverse as regards their structural elements. The ability to
control plant growth is characteristic of radiclonic acid 120
isolated from Penicillium sp. " 2 The antibiotic 123313 121 has
been obtained from Cephalosporium.113 Bongkrekic acid 122
produced by the fungus Pseudomonas cocorenenaus causes severe
(sometimes, lethal) food poisoning. 'Bongkrek' coconuts, com-
monly used as a dietary product in Indonesia, are infested with a
culture of Pseudomonas. The high toxicity of the acid 122
produced by this culture is due to its effect on ATP/ADP
translocation in mitochondrial membranes and blocking of
oxidative phosphorylation. " 4 Isobongkrekic acid 123 isolated
from an unidentified strain of Eubacterium strongly inhibits the
activity of phytopathogenic fungi when used at concentrations of

CO2H

120

O2H

CO2H

122: R1 = CO2H; R2 = H

123: R1 = H; R2 = CO2H

7 -125 |ig ml ~'. The antibiotic activity of compound 123 is lower
than that of bongkrekic acid. Both compounds are characterised
by high toxicity: LD50 is 4.5 mg kg"1 . Tetraenedioic acid is a
structural element of the molecule of the calbistrin antibiotic 124
produced by Penicillium restrictum.115 ,.

Baccharinoids related to toxins of the trichotecenoid series
and produced by the fungus Baccharis megapotamica are cyclic
esters of the dicarboxylic acids 125-127.116 ."7 The alkaloids of
the groundsel Senecio possessing valuable biological properties
contain dicarboxylic acids, of which intergerrineceic acid 128 as
well as the acids 129 and 130, are especially widespread.118119

Platyphilline 131 has found use in medicine as a cholinolytic agent.
The oxotricarboxylic acid peptide derivatives, viridiofungins

A and C 132, produced by Trichoderma viride, exert a strong
antifungal action against Candida, Aspergillus, and Cryptococcus.
Their ability to inhibit squalene synthetase has also been
reported120 (Scheme 8).

Scheme 8
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128: R1 = H; R2 = Me; R3 = Me

129: R1 = H; R2 = Me; R3 = CH2OH

130: R1 = Me; R2 = H; R3 = CH2OH
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HO CO,H

X = H, OH

V. Acids with oxygen-containing heterocyclic
fragments
The formation of tetrahydrofuran or tetrahydropyran cycles is
rather typical of linear polyhydroxy compounds. Polyhydroxy-
unsaturated acids are not exceptional in this respect. If their
molecules contain oxo groups, appropriate arrangement of the
hydroxyl groups gives rise to heterocyclic systems containing two
oxygen atoms which represent internal ketals.

Among the variety of acids containing the tetrahydrofuran
fragment, we shall note the antibiotic ionomycin 133 possessing
the properties of an ionophore selective towards calcium ions.121

The cycloeicosanoids 134 and 135 isolated from ram seminal fluid
are the metabolites of arachidonic acid.122-123

HO

Of practical significance is pseudomonic acid 136 and its
structural analogues containing the tetrahydropyran fragment
I37 124-126

The antibiotic zincoforin 138 produced by Streptomyces
griseus selectively binds Mg2 + and Zn2 + ions which accounts for
its ability to stimulate the growth and development of ruminant
animals.127128 Some strains of Streptomyces produce the anti-
biotic gerboxydiene 139, which has a strong antimicrobial
action.'29 The 8,12-epoxy-9,11,15-trihydroxy-(5Z, 13E )-eicosa-
dienoic acid with an unestablished configuration of the
asymmetric centres is the product of enzymatic conversion of
arachidonic acid in humans. 13° The synthesis of its
(8R,9R,l 15,12/?)-diastereoisomer 140 has been carried out131

(Scheme 9).
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Scheme 10
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The acids of this series, which contain two heterocyclic
fragments, possess valuable biological activity. For example,
ambruticin 132 141 (R = OH) and its amino derivatives 133 are
active against many pathogenic fungi. A potent cytostatic action is
exerted by swincholide D 142 isolated from the sea sponge
Theonella.n4 The alga Polycavemosa tsudai contains the anti-
biotic polycavernoside A 143.135 Hydrangenoside A 144 detected
in the plant Hydrangea macrophylla is a glycoside.136 Some strains
of Streptomyces produce antibiotics L 681.217 145 l37 and SB
22.484 146 138 (Scheme 10).

HO2C

The di- and tricarboxylic acids of this type are structurally
very diverse. Some trichotecenes comprise dicarboxylic acids
carrying the tetrahydropyran fragment,l39 e.g., the acids
147-150 are present in satratoxin H, roritoxin A, mitoxin B,
and vertisporin, respectively. The epoxy acids 151 -155 are the
structural components of myratoxin, satratoxin F, roritoxins D
and C, and of mitoxin C (Scheme 11).

Some acids are of the ketal type. For example, the potent
antibiotics, reversomycins F, C, D 156, and B 157, have been

Scheme 11

; R2 + R3 = O

149: Rl = ( C H 2 ) 2
/ = ^ C O 2 H ; R2 = H, R3 = H

<:O 2 H

HO
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150: R = (CH2)8 '

CO2H

OH

153: R1 = H, R2 = OH; 154: R1 + R2 = O
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isolated from some strains of Streptomyces.140 The ionophore
antibiotics, didemnoketals A and B 158, possess high anti-
microbial activity.141

HO2C
OH

R = Bu, C5Hii,(CH2)2CHMe2

CO2H

CO2H

R = COMe, —CH 2
,CO2H

Considerable attention has recently been focussed on the
tricarboxylic acids of the ketal type, which can effectively reduce
the cholesterol level. These extremely active farnesyl transferase
inhibitors produced by the cultures of Sporomiella intermedia, and
Leptodontium elatiusl42 as well as by the fungi of Phoma
species,143'144 have been named zaragozic acids A, B, C, Di , and
D2, and squalestatins Si, S2, and Hi. The identity of the zaragozic
acid A with squalestatin Si has been established. These metabo-
lites are of particular importance for cardiology, since it has been

HO2

159: R1 = —CH 2

160: R' -

OAc

161: R1 = C7H15CO- , R2 = —(CH2)3

OAc

162: R1 = C9H19CO- , R2 = —(CH2)3

O

163: R1 = —CH 2

Hv I H

164: R1 = H, R2 = —CH 2

Ph

OH

, R2 = —CH 2

reported that they have a number of advantages over clinically
widespread hypocholesterolinemic drugs, such as lovastatin
mevinoids.145'146 The structures 159-162 are considered to be
correct for the zaragozic acids A, B, Di, and D2 , and structures
163 and 164, for squalestatins S2 and H2 . l 4 7 - ' 5 0

VI. Total synthesis of natural unsaturated acids
with oxygen-containing functions
Total synthesis of natural acids of the above type has received
much attention. Its significance is growing with increasing
frequency far beyond the scope of the laboratory studies aimed
at confirming a structure or elaborating a methodology. Many
synthetic schemes are of technological value and suitable for
obtaining the target products in amounts having practical
significance.

An exhaustive discussion of papers dealing with the complete
synthesis of unsaturated acids with oxygen-containing functions is
not the specific goal of the present review. It seemed more
reasonable to trace the strategy and methodology of the syn-
thesis; therefore, our attention was focussed not only on
enantiospecific approaches but on the syntheses of achiral
compounds as well.

The first stage in the synthesis of a 12-hydroxy-dodec-(9Z)-
enoic acid metabolite 119 is particularly remarkable, for it makes
use of a novel procedure of hydroalumination with AIHCI2.151

Hydroalumination of octa-2,7-dien-l-ol 165 followed by oxida-
tion of the organoaluminium compound 166 affords oct-2-en-l,8-

.OH
Scheme 12

165

C12A1 OA1C12

Br(CH 2 ) 7 CH 2 OTHP

-5=—(CH2)7CO2H

THP - tetrahydropyran-2-yl; (a) A1HC12;

11

; (f)HC =

H^O,H2CrO4; (d) LiN(Prj fe, CH2— CH2— O; (e) H2 , Pd - BaSO4

diol 167; its further conversions are depicted in Scheme 12.
The racemic 10-hydroxy-octadec-(8£)-enoic acid 170 isolated

from rice stems, which provides self-defence in the plant against
fungal diseases, has been synthesised from undecene 168

Scheme 13
OCOPh

H17C8-
a,b

H,7C8

168

OCOPh

H

169

(CH2)6CO2H

(fl)Bu'O2H-SeO2; (6) PhCOCl - Py; (c) OsO4, NaIO4;

(d) HO2C(CH2)6CH=PPh3
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(Scheme 13).152 Allylic oxidation, benzoylation, and periodate
cleavage of the double bond results in 2-benzoyl oxydecanal 169
which, after Wittig olefination and hydrolysis, gives the target
product.

The preparation of the Cn-synthon 172 used in the synthesis
of the optically inactive 9-hydroxy-(10£,12Z,15Z)-octadecatrie-
noic acid 36 is based on the allylic oxidation of methyl undec-10-
enoate 171 (Scheme 14).152

Scheme 14

MeO2C(CH2)7 '
a,b

MeO2C(CH2)

OCOPh

171

OCOPh

OCOPh

1
36

,O
(a) Bu>O2H - SeO2; (A) PhCOCl - Py; (c) O3; (d) Ph 3P=€HC^

(e , Bu'OK

The syntheses of biologically active Ci8-acids employ a wide
variety of approaches, from metal complex catalysis to enantio-
specific methods based on the use of the initial chiral compounds.

The palladium phosphine complex-catalysed coupling of
vinyl halides with alkynes has been used in the synthesis of
(13^?)-coriolic acid 16. One of the key synthons, 1-bromo-oct-l-
en-(3V?)-ol 175, has been obtained from hept-1-ene 173 as shown
in Scheme 15, which involves the asymmetric reduction of
l-bromoct-l-en-3-one 174 in the presence of baker's yeast
(Scheme 15).153

Scheme 15

C 5 H U CH=CH 2 —>- C5HnCHBrCH2CHBr2

173

OAc o
C 5 H H

174

C5H11 (CH2)7CO2Me

(o)CHBr3; (A) AcOK, 18-crown-6;

(c) NaOH, PCC (pyridinium chlorochromate); (d) baker's yeast;

(e) HCSC(CH2)7CO2Me, Pd(PPh3)4, Cul; ( / ) H2 , Pd - CaCO3

This approach, in a slightly modified form, has been used in
the synthesis of the S-enantiomer of coriolic acid 16
(Scheme 16).154

Scheme 16

THPOCH2(CH2)7

(CH2)7CH2OTHP

C5H11

(<j)Pd(PPh3)4,CuI; (6)LiAlH4

CH2)7CH2OTHP

6H

Interesting procedures have been employed in the synthesis
of (9fl)-hydroxytetradeca-(5Z,7£)-dienoic acid 32.155 The stages
of stereospecific reduction of methyl 6-iodo-hept-5-ynoate 176
in the presence of dipotassium azodicarboxylate and the
Pd(OAc)2-catalysed oxidative coupling of methyl-6-iodohex-5-
enoate 177 with oct-l-en-(3.R)-ol 178 (Scheme 17) have attracted
our attention.

Scheme 17

I—==—(CH2)3CO2Me •?-**

176

—»• r ^(CH2)3CO2Me —*• 32

177

(a) KO2CN = NCO2K, BuNH2;

C5H11 (178); 5 Pd(OAc)2 - AgOAc

OH

The formation of the carbon—carbon bond at the key stage of
the synthesis of dimorphecolic acid 14 is effected by cross-
coupling of the Z-vinylzinc intermediate 179 with the vinylic
iodide 180 catalysed by Pd(PPh3)4 (Scheme 18).156

H11C5'

; (b)

Scheme 18

14

, Pd(PPh3)4

An interesting procedure involved in the synthesis of coriolic
acid 16 which has been developed by Indian investigators157 is the
preparation of the acetylenic precursor 184. Tetrahydroxyfurfuryl
chloride 181 gives dec-4-yn-l-ol 182 under the action of lithium
bromide and bromopentane; this is further isomerised into dec-9-
yn-l-ol 183 in the presence of sodium amide and propane-1,3-
diamine. Further synthesis is depicted in Scheme 19.

Scheme 19

O
C5H11—s=—(CH2)3OH

181 182

ss—(CH2)8OTHP

183
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(a) LiNH2, C5HnBr; (b) NaNH2 , (CH2)3(NH2)2; DHP (dihydropyran);

(c) BrC = CCH2OH, CuCl, NH2OH, Pr'NH2; (d) LiAlH4;

(<>)MnO2; ( / )C 5 HuMgBr,PhCOCl-Py

The Sharpless asymmetric epoxidation has been widely used
to obtain optically active hydroxy- and epoxyunsaturated acids.
For example, the first stage in the enantioselective synthesis of
malingic acid 67 is the epoxidation of the initial oct-(2£)-en-5-yn-
l-ol 185 (Scheme 20).158

Scheme 20

185

OH

EtO2C(CH2)7 67

(a) Bu'O2H, Ti(OPrj )4 , (+ )DIPT (diisopropyl tartrate); (A) PhNCO;

(c) BF3 • OEt2, NaOH; (d) EtO2C(CH2)7COCH = PPh3;

(e)NaBH4 ,NaOH

The asymmetric epoxidation of the compound 186 containing
the fragment of allylic alcohol, has been used in the synthesis of
(12S,13S)-epoxy-(l l.R)-hydroxyoctadeca-(9Z,15Z)-dienoic acid
83 possessing antifungal activity.159 The two-step oxidation of the

primary hydroxyl group into the carboxyl group (Scheme 21) is
noteworthy. It is based on the use of pyridinium chlorochromate
and then of NaClCh in the presence of 2-methylbut-2-ene.

(CH2)7CH2OTHP (CH2)7CH2OTHP
Scheme 21

b,c,d

OH

^(CH2)7CO2H

83

}Ac

(a) Bu'O2H, Ti(OPrj )4 , (+ )DIPT; (A) Ac2O, Py, H^O;

(c) PCC; (d) NaClO2, NaHPO4, Me2C = CHMe;

(e )H 2 ,Pd -CaCO 3

Monosaccharides have been widely employed in the past
decade for enantiospecific syntheses of low molecular weight
bioregulators, including hydroxyunsaturated acids as the starting
chiral compounds. Thus, the scheme of synthesis of vernolic 82
and coriolic 16 acids is based on the transformations of 2-deoxy-
D-glucose 187. A noteworthy step in this chain of conversions is
the allyl isomerisation of the epoxy group in the acid 82 under the
action of cyclohexy(isopropyl)methylmagnesium amide 188
(Scheme 22).160

Scheme 22
H

\
O

OMe

•BuPh2SiO

(CH2)7CO2Me

•CsH,,

'OH

82 — » 16

(a) HO2C(CH2)8PPh3Br, LiN(SiMe3)2, CH2N2; (b) TsCl-Py;

(c) Bu4NF; (d) C6H1I(Pri)NMgMe (188)

The synthesis of (US, 125,13fl)-trihydroxy-(9Z,15Z)-octa-
dienoic acid 60 has been performed on the basis of D-ribose 189
(Scheme 23). l s l In this series of transformations, the conversion

o

HO OH

189

OSiPh2Bu'

191

^(CH2)7CO2Me

or i OH

Cl-

60

.O.

Y
190

Scheme 23

d, e

(a) Ph3P = CHCO2Et; (b) Bu2AlH, C2H2CH = PPh3; (c) CCl 4-PPh 3 ; (d) LiNH2; (e) Bu'Ph2SiCl; ( / ) Br(CH2)7CO2Li, BuLi; (g) CH2N2;
( / ; )C 5 H 5 NHF
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of the chloro derivative 190 into the acetylenic compound 191
deserves special notice.

L-( + )-Tartaric acid 192 has been used as the starting
compound in the synthesis of (115,12/?,13/{)-trihydroxyocta-
deca-(9Z,15Z)-dienoic acid 62 (Scheme 24).162

Scheme 24

a,b

OSiMe2Bu

d,e

H

EtO2C(CH2) 62

(a) CH=CCH2Br, Zn; (b) Bu'Me2SiCl;

(e) BuLi, C2H5Br, Pd, Pb - CaCO3; (</) Li - NH3; (e) (COC1)2,

DMSO; ( / ) EtO2C(CH2)7CH = PPh3; (g) BU4NF

The synthesis of colnelic acid 87 having in its structure a rather
rare fragment of divinyl ether also presents certain interest.163

The key step in the synthesis of this compound is the acylation of
non-3-ynal 193 with 8-pivaloyloxyoctanoyl chloride 194 in the

C5HnC=C—CH2C

193

Scheme 25

194

O

CH2)6OCOBu' :CH2)6OCOBu'

195 C5Hn

OPO(OEt)2

.(CH2)6OCOBul

O

CH2)6OCOBu<

87

197

(a) (Me3Si)2NNa; (6) H2 , Pd - CaCO3; (c) LDA, (EtO)2POBr;

(d) Et3Al, Pd(PPh3)4

presence of bis(trimethylsilyl)sodium amide to form the enynyl
ester 195. The creation of the divinyl ether fragment has required
the phosphorylation of the dienyl ester 196 in the presence of
lithium diisopropylamide (LDA) and triethylaluminium-medi-
ated hydrogenolysis of phosphate 197 in the presence of
Pd(PPh3)4 (Scheme 25).

The synthesis of bongkrekic acid 122 is related to syntheses of
higher complexity.164 Hydroxysylans 198 were the starting
compounds for the preparation of bongkrekic acid. Thus, in the
synthesis of the synthone 201, hydroxysylane 198 (n = 2) was
converted into propionate 199, which after silylation was sub-
jected to Klaisen-Ireland rearrangement. The necessary (S)-
enantiomer was isolated from the racemic mixture of 2-methyl-
non-4-nonen-8-ynoic acid 201, using HPLC on a column with a
chiral adsorbent. The latter was transformed into the key
synthone 202 in several steps (Scheme 26).

Scheme 26

R3Si-
(CH2)n

198, R = Me, n = 2

M e 3 S i — ^

OSiMe3

a, b

199

Me 3 Si—=

200

202

(a) Me3SiCl, LDA; (b) HF

A parallel scheme for the conversion of C6-hydroxysylane 198
(n = 1) involves its asymmetric epoxidation to form the optically
active epoxide 203. An important step in these transformations is
the preparation of cyanodiyne 205 from a-cyanoketone 204 with
elimination of trifiuoromethanesulfonic acid by NaH. Further
conversions resulting in the block 206 are shown in Scheme 27.

The final step in the synthesis of the acid 122 involved
interaction of the dilithium derivative of methyl 3-methylgluta-
conate 207 with the aldehyde 202. This was followed by
hydroboration of acetylene 208 with diisoamylborane, prepara-
tion of the cuprate reagent 209, and its stereoselective coupling
with the bromide 206. Hydrogenation of the triple bond in the
precursor 210 and alkaline hydrolysis gave bongkrekic acid 122,
whose characteristics were identical with those of the natural toxin
(Scheme 28).

The high reactivity of vinylsilanes has been employed in
the synthesis of ostopanoic acid 80.165 The interaction of
l,4-bis(trimethylsilyl)buta-l,3-diene 211 first with heptanoyl
chloride and then with pimeloyl chloride made it possible to
obtain the target dioxocarboxylic acid.

Me3Si

80

(a)C6Hi3COCl,AlCl3; (b) C1OC(CH2)5COC1; (c)NaOH

211
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198

OMe

R3Si

Scheme 27

CN e

204 O

OMe OMe CN
CO2Et

R3Si

205 R3Si'

:o2Et

R = Pr', n = 1

(a) Bu'O2H, Ti(OPrj )4 , (+ )DIPT; (ft) NaH, Mel; (c) NaCN; (rf) PCC; (e) (CF3SO2)2O, NaH; ( / ) Me2CuLi; (?) (Bu')2AlH;

y
CO2Et

Me

Scheme 28

MeO2C

CO2Me 209

CH2)2

210

(a)LDA, 202; (ft) (Me2CHCHMe)2BH; (c) CuCN; ; (<?)Pd,Pb-CaCO3; ( / )KOH, MeOH

The synthesis of unsaturated acids carrying a heterocyclic
fragment is acknowledged to be rather difficult to realise. This is
the reason for the appearance of a large number of publications
dealing with the problems of stepwise synthesis of these structures.
For example, the synthesis of the C22-fragment of ionomycin 133
has been carried out on the basis of (S)-malic acid 212 via
compound 215 (Scheme 29).166

In this sequence of conversions, the formation of the tetra-
hydrofuran derivative 213 and the heterocycle ring-opening in the
product 214 by dimethylbromoborane are of interest.

Triacetyl-D-glucal has been used as the starting compound in
the enantioselective synthesis of the arachidonic acid metabolite
140.131 Its interaction with trimethylallylsilane accompanied by
Ferrier rearrangement gives the diol 216, the subsequent conver-
sions of which are shown in Scheme 30.

OH OH

EtO2C

212

,CO2Et b, c

.O.

HO

,CO2Et

AcO
213

CO2Et

Scheme 29

214

(a)Mel, LDA; (ft)BH3Me2S: (c) Et2C(OMe)2; (rf) HtO; (e) h, NaHCO3; ( / )Ac 2 O-Py ; (g) Bu3SnH; (h) Me2BBr, Et3N.
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OAc
R2O ,OR2

Scheme 30

OR1

(CH2)3CO2Me

g, h, i

C5H,, 140

R1 = Bu'Me2Si; R2 = MeO(CH2)2OCH2

(a)Me3SiCH2CH = CH 2 ) BF 3 Et 2 O; (6) KOH, MeOH; (c) m-ClC6H4CO3H; (d) Bu'Me2SiCl; (<?)LiAlH4; (/)MeOCH2CH2OCH2Cl; (g)O3;

CH(CH2)3CO2Na; (i)CH2N2 ; 0)(MeO)2POCH2COC5H,i, K2CO3

In the scheme of synthesis of the zaragozic acid A 159
(squalestatin Si) published recently, the synthesis of the key
synthon 228 merits attention.167-168 This synthesis begins with
coupling of the vinylstannane 217 with the iodide 218 catalysed
by a palladium complex. This is followed by chiral Sharpless
hydroxylation of the diene ester 219 with the K3Fe(CN)6-
K.2OsO2(OH)4 complex in the presence of the bidentate ligand,
(DHQD)2PHAL 220 responsible for the stereodifferentiating
effect (Scheme 31).169

The thus formed optically active ester 221 is lactonised by
2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) to give the
lactone 222, which is further converted into the diol 223. The
latter undergoes a series of conversions aimed at differentiated

RO

OR

217

OSEM

RO

protection of the hydroxyl groups and is further oxidised with the
Dess-Martin reagent.170 The resulting aldehyde 224 is oxidised
with NaClCh to the corresponding acid, which was benzylated
with iV,yV'-dicyclohexyl-O-benzylisourea (DCBI) into the ester
225 (Scheme 31).

After removal of the protecting silyl group, the benzyl ester
225 is converted into the ester 226 in three steps. Its hydrolysis
with trifluoroacetic acid and treatment of the reaction product
with CF3CON(CH3)SiMe3 in the presence of toluene-w-sulfonic
acid in pyridine results in the bissilyl ether 227. The oxidation of
compound 227 with the Dess- Martin reagent is regiospecific and
does not involve the tertiary Me3SiO group, giving the key
aldehyde 228.

OR ^OSEM OR
Scheme 31

OH

OSEM

CO2Me

219

O

% QH

OSEM

<X O

X
222

o Ox°
223: R1 = H, Bu'Ph2Si

MeO2C

221

Rl°""~\ OH

/ ^ S - R
O 1yho o x

224: R2 = — C ^

OH

2

o

; 225: R2 = -CO 2Bn

H

R = COC6H4OMe; SEM = Me3Si(CH2)OCH2

(a) PdCl2(MeCN)2; (ft) (DHQD)2PHAL (220), K3Fe(CN)6, K2OsO2(OH)4;

(DHQD)2PHAL —
N
I , where R1

N

(c)DDQ; 0

MeO

; (e) Dess-Martin reagent; ( / ) NaClO2, NaHPO4, Me2C = CHCH3; (g) DCBI
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225
<f

% QSiMe3

MCO.Bn
BnO2Q Q H

/ t~ c°2B n

Scheme 32

y
226 227 228

BnO2Q Q H

o' oxo ^ OSiMe3

230
Li

(a) CF3CO2H; (b) CF3CON(CH3)SiMe3, Py, Tos; (c) Dess - Martin reagent, K3Fe(CN)6, K2OsO2(OH)4; (d) S

(?) Hg(C104)2, HC1; (/) HC1, MeOH

(229);
6R

Similar conversions of bissilyl ethers under the action of a
(COC1)2-DMSO system has been used to obtain synthons for
prostaglandins. m The aldehyde 228 reacts with the lithium
derivative of the dithiane 229, giving the compound 230, and is
then converted into zaragozic acid A in two steps 159
(Scheme 32).

The total synthesis of zincoforin 138 is marked by multiple
application of organosilicon reagents.172 For example, the role of
the Me3Si group in the reaction of the aldehyde 231 consists in
stereodifferentiation of the attachment of the Grignard reagent
232; the aldehyde-acetal 233 obtained upon desilylation and

SiMe3 O

H

231

BrMg

Me3Si OH

ozonolysis reacts with siloxy-l,3-diene 234 to form dihydropyran
235. The latter undergoes a series of conversions to give the
aldehyde 236 which, after an analogous reaction with siloxy-1,3-
diene 237, affords the ketone 238; the latter is further converted
into the acetate 239. This is followed by BF3 • Et2O-catalysed
cross-coupling with trimethylcrotylsilane, eventually resulting in
the compound 240. The conventional procedures gave the
methylformylcarboxylate 241, which was then introduced in
the reaction with the sulfone anion 242. The obvious conversions
of the hydroxysulfone 243 afforded zincoforin 138 (Scheme 33).

Scheme 33
QR

232 233

(CH2)2C

235

H

236

OR1

(CH2)2cQ

R2. R3

238: R 2 - R 3 = O

239: R2 = H, R3 = OAc

OR1

MeftC

R1 = CH2OCH2Bn

Me3SiO Me OMe
I I I

C

,xr
(CH2)2C

240

OR1

J* MeO2C. 138

Me3SiO OMe
II

C C C
OR1

I I I II
(a) MeCH=C—C=CH (234); (A) MeCH=C—CH=CH (237); (c) Me3SiCH2CH=CHMe; (d) PhSO2-.

(242)
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The authors of the present review would like to call the reader's
attention to the prospects that emerge from synthetic studies in the
area of unsaturated acids. For example, polyhydroxy acids
present interest as potential immunizing agents capable of
protecting plants from pathogenic fungi even when used in
nanogram quantities. Metabolites of the zaragozic acid type are
of prime interest for large pharmaceutical firms involved in the
solution of vital problems of cardiology, such as regulation of
cholesterol biosynthesis. Bengamides, the technological synthesis
of which is quite feasible, are also of substantial interest.

The authors express the hope that synthetic chemists will not
only further advance the problems discussed in this review but will
also proceed along interesting and promising paths.

This review has been written with the financial support of the
Russian Fundamental Research Fund (Grant Nos 94-03-08009
and 95-03-08517).
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Abstract. Data obtained in theoretical and experimental studies
on the electronic structures, the nature of chemical bonding, and
certain physicochemical properties of ternary carbides and
nitrides involving transition metals and subgroup IIIB and IVB
elements are surveyed. The possibilities and prospects for the
application of computational quantum-chemical methods for the
modelling of new complex solid solutions based on metal-like
carbides and nitrides and also for the description of then-
fundamental properties are discussed. The bibliography includes
168 references.

I. Introduction

The high-temperature refractory transition metal (TM) carbides
and nitrides and their reciprocal solid solutions (SS) constitute an
extensive class of compounds which are interstitial phases.1"3 By
virtue of a unique combination of a series of physicochemical
properties, these compounds are exceptionally important.3"6

Studies on the electronic properties and on the nature of the
chemistry bonding in such compounds have made a significant
contribution to the development of the quantum chemistry of the
solid state. They are being continued vigorously also at the present
time. The results obtained in the course of these investigations
have been described in numerous publications.7"12

The current state of the chemistry and materials science of
refractory transition metal carbides and nitrides involves vigorous
investigations directed to the improvement of their properties.
The properties can be altered by introducing into the composition
'non-traditional' interstitial elements, mainly subgroup IIIB and
IVB elements (Al, Si, etc.). The compounds of these elements with
carbon and nitrogen are nonisostructural with d metal carbides
and nitrides, involving predominantly covalent bonding. Such
compounds have found a wide variety of application as chemically
stable, ultrahard, semiconducting materials13"15 and they are
also convenient objects for the investigation of the electronic
structures of solids by computational quantum-chemical meth-
ods. IS"21

The interest in the study of ternary systems of the type
M-M' - (C ,N) , where M is a transition metal and M' a non-
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transition subgroup IIIB or IVB element, is associated primarily
with the search for new ceramic materials, which are likely to be
useful in the development of protective coatings, materials for the
manufacture of instruments, and constructional materials and
with the creation of new composites and the determination of the
possibilities for their employment in microelectronics, and optics,
as catalysts, and as elements in reinforced composite materials for
space technology.

Studies on the equilibrium phase relations in the
M-M' - (C ,N) systems have demonstrated1"5 the existence of
an extremely large set of ternary phases. The thin-film technol-
ogies,22"29 which make it possible to produce equilibrium meta-
stable or crystalline and amorphous phases and to vary their
microstructure and the content of atomic components over a wide
range of concentrations, have therefore assumed a special impor-
tance in the creation of new materials. The combination of thin-
film technologies with various procedures for the activation of
processes involving the preparation of the compositions has led to
the possibility of a flexible modification of their physicochemical
properties. The problem of the description of the electronic
properties of the above multicomponent systems (both mono-
and hetero-phase) has become of current interest in this connec-
tion. An important place has also been assigned to the determina-
tion of specific features of the electronic structure (ES) and the
chemical bonding in the individual ternary phases formed in the
M-M' - (C ,N) systems. The groups of carbides and nitrides
having the composition M3M'(C,N) are of considerable interest
in this respect.

The magnetic properties of these carbides and nitrides, in
particular the magnetic (and structural) phase transitions, which
are of technological importance, have attracted the greatest
attention of investigators.29"32

In the present review, an attempt has been made to survey
available data on the electronic structures and the chemical
bonding in the solid solutions and in the ternary carbide and
nitride phases based on transition metals and subgroup IIIB and
IVB elements, obtained within the framework of computational
approaches to solid state quantum chemistry and also with the aid
of X-ray emission and X-ray photoelectron spectroscopy.

II. Chemical bonding and electronic structures of
(/-metal aluminonitrides and aluminocarbides
The aluminium-containing phases formed in the M - A l - C ,
M - A l - N , M - A l - C - N , etc. systems have been most thor-
oughly investigated among complex carbides and nitrides. A
representative group of solid compounds of the type M3A1(C,N)
and M2A1(C,N), having individual crystal structures[ "4 and
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between the octahedra. According to estimates,1'60 the composi-
tions of Ti2AlC.x and TijAlQv may vary in the range 0.2 < x < 1.2.

The initial ideas about the possible types of interatomic
interactions in the T^AIC* and T^AIC* phases were based on
the analysis of their crystal-chemical parameters. Thus the T i -C
distance in TisAlC is close to the sum of the covalent radii of
titanium and carbon, which makes it possible to postulate 61 the
existence of a strong covalent T i - C bond. On the other hand, the
Al-Al distance is much greater than the sum of the covalent radii
of aluminium, which discounts the occurrence of direct Al-Al
interactions. Similar comparisons of the atomic radii and the
interatomic distances for the Ti-Ti, Al-Ti , and A l - C pairs of
atoms lead to the conclusion that there is a possibility of the
formation of bonds between titanium and aluminium atoms
(Ti-Ti, Al-Ti) and that there are no bonds between aluminium
and carbon atoms.61

A more detailed analysis of the nature of the interatomic
interactions in the aluminocarbides ^ A l C * and ^ A l C * has
become possible by virtue of the results of studies of their X-ray
emission and absorption spectra.62 It was found that the Ti La

band in the emission spectrum, reflecting the energy distribution
of the Estates of the metal, becomes appreciably broadened in the
sequence TiCT -> Ti2AlCx -> TiaAlC.v, the main maximum shift-
ing towards the long-wavelength region of the spectrum with
simultaneous increase in the intensity of the short-wavelength
maximum, which has the same energy as the Al Z.2,3 peak, i.e. the
d(t2g) states of titanium are filled as a result of the partial transfer
of electron density in the Al -<• Ti direction. This may indicate the
hybridisation of the near-Fermi Ti 3rf,4s-Al 3s,3d states. The
identity of the energies of the long-wavelength Ti La and Al Z.2,3
maxima in the emission spectra indicates the appearance of
covalent Ti-Al bonds.62

With increase in the number of carbon vacancies, the intensity
of the low-energy maximum of the Ti La band also increases,
which is due to the transfer of part of the electron density to the
near-Fermi region. Overall, the variable-composition transition
metal aluminocarbides may be regarded as phases involving the
insertion of carbon into the hypothetical titanium aluminides
Ti2Al and TisAl, the system of interatomic interactions which
results in the formation of the T i -C , Ti-Ti , and Ti-Al bonds.62

The ionic components of the T i - C and Ti-Al bonds are due to
partial charge transfer in the Ti -»C and Al -» Ti directions.

More detailed information about the nature of the interatomic
structure and the chemical bonding in aluminium-containing
carbides and nitrides has been provided by the results of
quantum-chemical calculations.10->2-63-65

The initial ideas about the specific features of the rearrange-
ment of the electronic state in MC and MN (M = Ti, V, Zr, Nb),
associated with the insertion of isolated aluminium atoms in the
sublattices of these binary phases (similar systems evidently occur
in the initial stage of the syntheses of aluminocarbide and
aluminonitride solid solutions and compounds) have been con-
sidered,63 resorting to band and cluster approaches.

The linearised muffin-tin-orbital Green's functions method
(LMTO GF) has been used63-65 to calculate the electronic
structures of the MC: Al and MN: Al systems in which single
aluminium impurities are inserted at sites within the metallic or
nonmetallic sublattices of the matrix with formation of 'micro-
clusters' of the type A1C6, A1N6 or A1M6 (when account is taken of
the size factor, this appears most likely) in the bulk of the initial
crystal.

In particular, it has been found for the TiC: Al system in the
case of Al -* Ti substitution that there is now an admixture of the
Al 3s states at the bottom of the valence band of the monocarbide.
The Al 1p states form an intense peak near the Fermi energy (£>)
in the region of the minimum of the density of states (DOS) of
titanium carbide, i.e. in this instance the impurity-crystal inter-
action takes place mainly with participation of the Al 3s—C 2p
functions with an additional contribution by the hybrid
Al 3p-C 2/>orbitals.

The pattern in the distribution of the local density of states
(LDOS) of the impurity inserted at a C-sublattice site, whereupon
the Al 3s states are localised near the lower edge of the / ; - d band
of the carbide and their overlap with the valence states of the latter
is significant, becomes markedly different. In their turn, the Al 3p
functions give rise to distinct atom-like resonances in the region of
the local DOS minima of the carbide.

A similar pattern in the distribution of impurity states occurs
in the TiN: Al system.65

Thus an appreciable difference in the energy distributions of
the impurity states of the aluminium and the states of the
component atoms of the matrix is observed in the MC: Al and
MN:A1 systems, which indicates significant differences in the
nature of the bonds formed by Al with the matrix component
atoms and the M - C (or M - N ) bonds.7"12 This is one of the
causes of the limited solubility of aluminium in TiC and TiN (in
contrast to transition metals).1'60

Evidently the presence of local impurity peaks near the edge of
the TiC and TiN energy bands, reflecting the states of the
aluminium atoms not participating in the formation of the
Al-carbide (Al-nitride) bonds, promotes an increase in the
number of direct Al-Al interactions with increase in the concen-
tration of aluminium in the bulk of the crystals. Such interactions
compete with the system of bonds in carbides and nitrides. As a
result, the structural type of the initial matrix changes because of
the formation of phases with an individual type of crystal
structure, which has in fact been observed experimentally.60

The partial interatomic interactions in the TiN:Al system
have been analysed 66 within the framework of the nonempirical
discrete variation method.67'68 The parameters of the photoelec-
tron spectrum and the populations of the interatomic bonds of the
TiN6Tii2N8 and AlN6Tii2N8 fragments, modelling TiNi.o and
TiN: Al respectively, have been compared. The overlap integrals
(01) of the atomic wave functions obtained for the above
fragments indicate that the interatomic bonds are based on the
Ti d(eg,t2g)-N 2p*,y,z interactions (of the o and re types). The
introduction of aluminium atoms diminishes somewhat the
maximum values of the T i - N overlap integrals (c ranges from
approximately 0.300e to 0.296e for the TiN6Tii2N8 and
AlNsTi^Ns groups respectively), the A l - N interaction occur-
ring as a result of the overlap of the Al 3s,3p-~N 2p functions.

The electronic properties of a series of hypothetical ordered
TijAli-xN (x = 0.75, 0.50) cubic solid solutions have been
investigated by the self-consistent linearised augmented plane
waves (LAPW) method.69-70 The unit cell of the model structure
of the Tio.75Alo.25N (Ti3AlN|41N[61) phase contained a nitrogen
atom (N'6') involved in a regular Ti6 octahedral coordination and
N' 4 ' type atoms with a Ti4Al2 in closest proximity. The cell used for
the description of the Tio.5Alo.5oN (TiAlN[21N[41) composition is
formed on the basis of the cubic cell by the displacement of the
titanium atoms in its upper and lower planes by aluminium atoms.

The principal characteristics of the electron spectra of both
phases are presented in Fig. 3 and Table 3. Comparison with the
data obtained with the TiN 1.0 electron spectrum7' ~74 shows that
the aluminonitride alloys on the whole retain the principal
features of the spectrum characteristic of titanium mononitride:
the TixAl^N valence band contains an isolated low-energy band
made up predominantly of the nitrogen 2s states (the J band) and
separated by the forbidden gap (FG) from the main valence-
bonding band (the p-d band). Partial Ti -> Al replacement leads
to a narrowing of the s band (by 0.08 Ry for Tio.50Alo.50N
compared with TiNi.o) and of FG (by 0.18 Ry); on the other
hand, the p-d band, partially overlapping the bands of the near-
Fermi Ti d states, is broadened (as a consequence of the admixture
of the aluminium s,p valence states).

Compared with TiNi.o ,71 ~74 the DOS distribution for alumi-
nonitrides ̂ 7 0 does not exhibit significant differences in the
region of the s and d subbands. The most notable DOS rearrange-
ment, arising due to the appearance of new DOS peaks near the
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Table 3. The results of LMPW calculations for the Tio.75Alo.25N and
Tio 50AI0.50N ordered cubic phases.

Parameter

Lattice constant / a.u.

Radii of atomic spheres /a.u.

Ti,Al
N

Band width / Ry

d (occupied)

Width of the s -p interband gap / Ry

Ef (relative to bottom of s band) / Ry
Ef (relative to muffin-tin zero) / Ry

7.9841

2.1206
1.8714

0.224
0.576
0.166

0.282

1.247
0.841

5.5988
7.9179

2.1031
1.8559

0.265
0.600
0.162

0.279

1.305
0.871

upper and lower edges of the given subband, is observed in the
region of the p - d band of the nitride.

The densities of states of the N[61 atoms, having the Ti6
environment, are similar to those for nitrogen in TiNi.o74 and
are determined by the a-bonds {p-d:i overlap) and rc-bonds
(overlap ofp-dx., dy: orbitals). The N[4] p: orbitals are oriented
towards the aluminium atoms and form DOS peaks in the region
of the localisation of the energies of the Al 3s,3p states, which
indicates the occurrence of the N[41-Al(/>r-s,p) interactions. The
highest-energy peak of the N ^ p. states is due to the partial

Table 4. The effective atomic charges (e) for TiNi.o, Tio.75Alo.25N, and
Tio.5oAlo.5oN.

Tio.75Alo.25N Tio.50Alo.50N Phase Ti Al

TiNi.o
Tio.75Alo.25N
Tio.5oAlo.5oN

-0 .33
-0 .27
-0 .24

0.38
0.36 0.38

0.39 0.41
-0.43
-0.39

Note. The effective atomic charges were determined as the differences
between the charges in the atomic spheres according to the LAPW
calculations and the superposition of the charge densities of the atoms in
the crystal.

transfer of electron density from the nearest surrounding nitrogen
atoms to the atomic sphere of the aluminium.

The distribution of the local density of states of Tio.5oAlo.5oN
repeats overall the situation examined above with the exception of
certain features 70 associated with the decrease in the symmetry of
the system as a consequence of the increase in the Al: Ti ratio.

Analysis of the partial charges in the atomic spheres presented
in Table 4 shows that the charge polarisation in aluminonitrides
leads to a partial shift of electron density (ED) in the (Ti,Al) -> N
direction, which agrees with the XPES data and the results of
cluster calculations by the discrete variation method.35'54-66

The features noted above in the distribution of the charge
densities and interatomic interactions are clearly illustrated by the
maps of the electron density distribution (Fig. 4). Comparison of
Figs 4a and 4b shows that the cr(Ti - N)-bond in the Tio.5oAlo.5oN
phase is somewhat stronger than in the Tio.75Alo.25N phase. This is
also true of the 71-type Ti - Ti bonds. Furthermore, the distribution

- 0 . 4 -
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Figure 3. The energy bands of the hypothetical ordered aluminonitrides Tio.75Alo.25N (a) and Tio.5oAlo.5oN (b); calculation by the LAPW method.
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of the maxima in the contours of the d{eg) orbitals indicates the
possibility of Ti-Al bond formation and the appreciable density
of the lines around the atomic nuclei of aluminium indicates the
presence of an ionic component of the bond.

It was noted previously that the cubic aluminonitride alloys
synthesised are characterised by configurational disorder in the
metallic sublattice. An attempt has been made69-75 to take this
factor into account. The calculation was performed within the
framework of the Korringa-Kohn-Rostocker coherent poten-
tial approximation (KKR CPA) method; the concept of an
effective medium, simulating the average configuration of the
system, has been introduced for the description of disordered
systems.76 Since the calculations69'75 were nonself-consistent, the
potentials of the atoms of the disordered TixAli_xN (x = 0.75,
0.50) alloys were taken from calculations of regular structures by
the LAPW method70 and were averaged for atoms of one kind.

Fig. 5 presents as an example the local densities of states for
aluminium in the ordered and disordered aluminonitrides. Evi-
dently, allowance for disorder in the metallic sublattice is
manifested mainly (with retention of the overall sequence in the
energy distributions of the s,p,d functions of aluminium in the
spectrum) by the 'spreading' of a series of peaks in the LDOS
spectrum of the regular structure. Furthermore, the noncoinci-
dence of the maxima of the Al 3s subband, calculated by the KKR
CPA and LAPW methods, has been noted,75 while the bottom of
the band for the ordered alloy is ~ 1 eV deeper than for the
disordered alloy with a statistical distribution of the Ti and Al
atoms at the corresponding sublattice sites.

The specific features of the fitting of the coherent potential
approximation are known 77 to preclude a detailed consideration
of the mechanism of chemical bonding. The LDOS obtained were
therefore used75 for the theoretical calculation of the form of the
X-ray emission, photoelectron, and Auger electron spectra. The
Al Ka emission lines plotted (within the framework of the formal-
ism of the dipolar approximation77-78) for Tio.75Alo.25N and

Tio.50Alo.50N are presented in Fig. 5. Estimates69 of the transi-
tion matrix elements make it possible to interpret the form of the L
spectrum of aluminium as a superposition of its s and Estates. The
L band in the aluminium spectrum (as for the wurtzite-like A1N)79

contains three maxima, but the ratios of their intensities are
markedly different, while the energy gaps between the maxima
for Tio.75Alo.25N are greater than those for A1N by ~ 0.9 eV.
Furthermore, in contrast to aluminium nitride,79 the Al N and
Al K line maxima do not have the same energies. The aluminium
K bands undergo the greatest changes (with a relative stability of
Al L line) associated with the variation of the Al/Ti ratio.

The photoelectron spectra of Ti^Al^N have been calcu-
lated77>80>81 by a standard method for the photon energies
E = 1487 and 150 eV. The theoretical integral Auger spectra
were also plotted (Fig. 5) as convolutions of the corresponding
partial states of the aluminonitrides.82-83 In particular, it was
noted that the form of the Ti L2M23V line is determined by the
distribution of the p and d states of titanium.

Comparative analysis of the stability of the cubic titanium
aluminocarbides and aluminonitrides as a function of the site of
substitution (Al -> Ti or Al -> C,N) and also of the aluminium
content in the initial TiC and TiN has been carried out 84~86 within
the framework of the LMTO method in terms of the atomic sphere
approximation (ASA).87

Using the TC4X4 (X = C, N) supercell, the T i - A l - N and
T i - A l - C solid solutions having the following compositions have
been modelled with the aid of the successive substitution of
titanium or nonmetal atoms by aluminium atoms: TiN,
Tio.75Alo.25N, Tio.5oAlo.5oN, TiAlo.25No.75; TiC, Tio.75Alo.25C,
Tio.50Alo.50C, TiAlo.25C0.75 •

The results of the calculations of the electronic structure of
TixAl,_xN by the LMTO84"86 and LAPW70 methods agree
satisfactorily. A significantly different type of DOS and LDOS
has been obtained84-86 for the TiAlo.25No.75 solid solution, where

Figure 4. Maps of the differential electron density in the (111) plane of the Tio.75Alo.25N and TiNi.o phases (a) and of the Tio.5oAlo.5oN and Tio.75Alo.25N
phases (6). The numerals on the curves denote the electron densities; the electron density between the contours is 0.01 e A~3; calculation by the LAPW
method.
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Figure 5. The distribution of the Al 3p states (a), the theoretical forms of
the Al KL2,3 V (b) and Al KVV (e) Auger electron spectra, and the form of
the Al #„, line (d) in the X-ray emission spectra for the Tio.75Alo.2sN (1) and
Ti0 50AI0.50N (2) phases. Calculation by the KKR CPA method.

the insertion of the aluminium atoms at the N-sublattice sites was
postulated (Fig. 6).

The most characteristic difference between the TiAlo.25No.75
and Ti.vAli _.VN spectra is the sharp increase in the energies of the
Al 3s and Al 3p states: the energies of the Al 3.? state range from
— 0.55 to —0.52 Ry (peak A in Fig. 6; the lower edge of the p-d
band), giving rise to an intense atom-like resonance, while the
energies of the Al 3p states (peak B in Fig. 6) correspond to the
region of the DOS minimum for the nitride between the p - d and d
bands. The forms of the N 2s and N 2p local densities of states
remain similar to those in the nitride under these conditions (the
immediate environment of aluminium in the given solid solution is
AlTis), which may be attributed to the local character of the
interatomic interactions occurring in the solid solutions under
discussion.

The dissociation of some of the T i - N bonds in TiAlo.25No.75
(on replacement of N atoms by Al) results in the transition of a
series of titanium states to a higher-energy region [between the
p-d and d bands, the LDOS peak of titanium (Fig. 6) has the
same energy as peak B of the density of states of TiAlo.25No.75]
where the Al 3p,3d states are also located. As a result, in contrast
to the solid solutions Ti;tAl>,_.xN, in which the bonding of the
aluminium atoms is achieved via the Al 3s,3p-N 2p hybridisa-
tion, in the hypothetical solid solution TiAl^.Ni -y the bonding of
aluminium takes place primarily as a result of the mixing of the
Al 3p,3d-T\ 3d,4s functions.

The LMTO calculations84-86 for the electronic states of the
cubic (51) solid solutions Ti.vAli _TC and TiAUCi _x show that, as
for the aluminonitride alloys, the LDOS distributions for the
component atoms in these solutions differ markedly depending on
the sites occupied by the aluminium atoms. Thus, for the
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Figure 6. The total (a) and partial (b-d) DOS for the cubic
TiAlo.25No.75. Calculation by the LMTO method.

substitution of the Ti -» Al type, the impurity states are located
in the region of the C 2s and p-d bands of the carbide; the
occurrence of impurity resonances in the region of the local
minima in the density of states in the p-d band of TiCi.o and
between the p-d and d bands is characteristic of the AlTi6
coordination.

Furthermore, with increase in the aluminium content (with
decrease in the concentration of the valence electrons), Ep for
Ti.vAli _.VC shifts, as for TixAlj _.VN, to the region of low energies.
However, the nature of the change in the filling of the valence band
for these two groups of solid solutions is fundamentally different:
in the case of Ti.rAli _.rN the band of the antibonding delocalised
Ti d,s,p states is 'emptied', whereas in the case of Ti.xAli_.xC the
filling of the band of the bonding p- Estates diminishes.

The above effect as well as the energy required to 'dissociate'
the Ti-(N,C) bonds (for the Ti->A1 substitution mechanism)
can be attributed 65 to the relative stability of the cubic titanium
aluminonitrides and aluminocarbides. Numerous calculations
have shown8"11 that the T i - C bond energy is much higher than
the T i - N bond energy. Taking into account the nature of the
variation of the filling of bands of different nature noted above for
the carbide and nitride phases and also the smaller energy
expenditure required for the dissociation of the T i - N bonds, it
was concluded qualitatively64-65 that the probability of the
formation of single-phase cubic alloys is higher in the T i -A l - N
system than in the T i - A l - C system.

In order to confirm this hypothesis, calculations of the
cohesion energy (£Coh) (i.e. the atomisation energy), of the energy
of the substitution (£sub) of titanium (or C, N) by aluminium, and
the partial pressures of the electronic-nuclear system of the
crystals (pi) were carried out by the LMTO method.64-66 The
energies £coh and £ sub are presented in Table 5. Evidently the
absolute value of the cohesion energy for the Ti.vAli_xN solid
solutions diminishes with increasing aluminium content; in the
presence of identical aluminium concentrations, I-Ecohl f° r
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1.588
1.452
1.316
1.379
1.327
1.224
1.062
1.185

—
0.136
0.272
0.209
_

0.103
0.265
0.142

Tio.75Alo.25N is greater than that for TiAlo.25No.75. Similar
relations have been obtained also for substitution energies. From
the foregoing, one may conclude that, firstly, the synthesis of
homogeneous cubic aluminium-containing solid solutions under
equilibrium conditions is difficult (the solutions have been
obtained mainly in a metastable state — in the form of
films35"48); secondly, the probability of the formation of solid
solutions diminishes with increasing aluminium content; thirdly,
for equal concentrations of aluminium, the substitution by the
latter of Ti sublattice sites is energetically more favourable.

Table 5. The cohesion and substitution energies for the aluminium-
containing solid solutions based on TiC and TiN.

Compound

TiC
Tio.75Alo.25C

Tio.50Alo.50C

TiAlo.25Co.75

TiN

Tio.75Alo.25N

Tio.5oAlo.5oN

TiAlo.25No.75

Similar conclusions 65-66 follow also from the analysis of the
energies ECOh and £SUb for the T i - A l - C system (Table 5). By
comparing the above quantities 1 for the aluminocarbides and
aluminonitrides having the samel compositions and structures,
one may claim that, since |£COh| for T i - A l - C is greater than that
for Ti - Al - N whereas £Sub for Ti -̂  Al - N is greater than that for
T i - A l - C , the formation of stable cubic titanium aluminonitrides
is more probable.

These conclusions have been confirmed M also by the compar-
ison of the pressures pi. The highest values oi\p\\ for TiC and TiN
correspond to the (C,N) 2p and Ti 3d states, the hybridisation of
which determines the nature of the chemical bonding in the binary
phases.8"'' When aluminium atoms are inserted at the Ti sites the
Ti-(C,N) bonds are somewhat weakened [the quantities |/?i(Ti)|
dimim'sh], but some new bonds of the type (N,C)-Al arise as a
result of the interaction of the (C,N) 2p-Al s,p,d states. Such
bonds proved to be much stronger than the Ti-Al bonds formed
when aluminium is inserted at nonmetallic sublattice sites. Finally
the bonding (negative) pressure of the aluminium states is higher
for the nitride alloys than for the carbide-based solid solutions,
which again indicates a greater stability of the cubic alumino-
nitride solid solutions.

The synthesis of aluminium-containing solid solutions involv-
ing IVA-VIA subgroup d metals, for example, (TiAlZr)N.r,
(ZrAl)Nv, and (TiAlV)Nx, has been reported.23-36'37 However,
there is at present no information about their electronic-energy
spectra.

In conclusion of this section, we shall mention again those
studies M-6$ in which the cluster semiempirical LCAO method was
used to analyse the energies of the molecular orbitals (MO) of the
clusters, simulating the nonstoichiometric (with respect to the
nonmetallic sublattice) H- and perovskite-like titanium alumino-
carbides and aluminonitrides. In conformity with the available
X-ray emission data (see above), it has been established, in
particular, that, in the overall system of the TJ2A1C* molecular
orbitals, it is possible to distinguish four groups, consisting
predominantly of the contributions of the C 2s, Al 3s, C 2p-
Ti 3d-Al \s,p, and A\s,p-Ti 3d states. The differences between
the formula compositions and the crystal structures of the
aluminocarbide phases determine the relative change in the line
widths and energies of the individual subbands of the TC3AIC and
Ti2AlC valence spectra.

The formation of carbon vacancies leads 65 to the progressive
filling of the delocalised near-Fermi Ti 3d and Al \s,p states and

also to some decrease in the contribution of the C 2p orbitals to the
hybrid band of the Ti 3d-C 2p-A\ 3s,3p type and to a narrowing
of the quasi-core C 2s band. Similar relations are observed also in
the transition Ti2AlN -»T12AIN* (x < 1).

Narrowing and low-energy shifts of the metalloid s,p
sub-bands are characteristic of aluminonitrides (compared with
aluminocarbides). The energy separation of the Ti rf-N p states
leads to the virtually complete absence of contributions by the
latter to the subband of the Ti-Al states, the population of which
increases (as a consequence of the increase in the electron
concentration per unit cell of the compound).

The overlap populations (OP) of the atomic orbitals and the
bond indices [bond populations (BP)] in the case of the fragments
for which calculations have been made indicate that the chemical
bonding in the //-phases is based on Ti-(C,N), Ti-Al, Ti-Ti-
type interactions, comparable in terms of BP, and on the inter-
actions of nontransition metals with one another, whereas the
bonds between the atoms of nontransition metals and metalloids
are virtually absent (Table 6). The T i - C and T i - N bond
populations in Ti2AlC and T12AIN are much smaller than in
titanium carbides and nitrides, which is evidently the main reason
for the reduced hardness and thermal stability of the aluminocar-
bides compared with titanium carbides.l-61-62

The relative bond populations depend on the number of
vacancies: when nonmetal defects are introduced, the interlayer
interactions are weakened and the bonds in the aluminium layer
are strengthened. Individual Ti-(C,N) bonds are weakened (in
contrast to the bonds in the cubic TiC.v and TiN* ,9 '10 where the
formation of vacancies strengthens some of the remaining
metal-nonmetal bonds). An appreciable anisotropy of the
individual interactions in the layers near the defect arises; the
occurrence of a weak direct Ti-Ti interaction through the carbon
or nitrogen layer is observed.

Table 6. Results of calculations by the LCAO MO method of the overlap
populations of the valence atomic orbitals (e) for the clusters in the
structures of titanium aluminocarbides and aluminonitrides.

Orbital Al s

Tis

Tip
Tid

Tis
Tip
Tid

Tis
Tip
Tid

Tis

Tip
Tid

Tis
Tip
Tid

Tis
Tip
Tid

Compound Ti2AlC, 1

0.06
0.08
0.06

Compound Ti2AlCT

0.05
0.06
0.07

Compound Ti2AhN,

0.08
0.14
0.09

Compound TJ2A1N*

0.11
0.05
0.11

Compound Ti3AlC, 1

0.03
0
0.05

Compound Ti3AlC*

0.02
0
0.02

Alp

cluster Ti^

0
0.02
0.02

(CN),

Ll3C6Ti,

0.11
0.06
0.04

, cluster TiAl3C4n2Ti9
a

0.02
0.01
0.03

0.11
0.05
0.04

, cluster TiAl3N6Ti9

0
0.01
0

0.09
0.05
0.03

, cluster TiAl3N4D2Ti9a

0
0.04
0.02

cluster TiA

0.02
0
0.03

0.09
0.03
0.03

iLtCjTis

0.05
0
0.03

, cluster TiAUCDTis"

0.06
0
0.06

0.04
0
0.03

a The symbol • denotes vacancies in the C or N sublattices.

(C,N)p

0.03
0.02
0.34

0.05
0.05
0.22

0.03
0.04
0.23

0.04
0.05
0.20

0.06
0
0.11

0.06
0
0.10
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On passing from the carbon-containing to the nitrogen-
containing phases, the Ti-nontransition metal bonds and the
bonds in the aluminium layers are strengthened, primarily as a
result of the weakening of the Ti-nonmetal bonds.

It follows from the data **•65 that the transition metal atoms
have an effective positive charge in all the phases considered,
which increases on passing from the carbide to the nitride phases.
Finally analysis of the overlap integrals between the atomic
orbitals shows65 that the Ti-(C,N) interaction in the //-phases
takes place, as in the binary carbides and nitrides mainly as a result
of the hybridisation of the Ti 3rf-(C,N) p states. The Ti-Al
bonds are of a mixed character, involving predominantly the
Al s,p states hybridised with all the valence orbitals of titanium.

III. Electronic properties of transition metal
siliconitrides and silicocarbides

Yet another class of objects, for which quantum-chemical studies
of the electronic-energy spectra and of the nature of the chemical
bonds have been initiated and are developing vigorously, com-
prises transition metal siliconitrides and silicocarbides. Together
with aluminium-containing compounds, these substances are of
great interest for the manufacture of new ceramic materials,
including constructional ceramics. Preliminary investiga-
tions88"94 of ceramics based on transition metal and silicon
carbides and nitrides have demonstrated particularly their poten-
tial suitability in manufacturing technology at high temperatures.

The first information about the electronic states of the atomic
components in phases based on the M - S i - C systems was
obtained95 by the LMTO GF method. This method has been
used to calculate the LDOS for isolated atoms of aluminium and

the entire series of 3d metals which are incorporated at the Si
sublattice sites of cubic silicon carbide. These objects were
regarded as models and the process involving the incorporation
of the atoms M was considered to be a stage leading to the
formation of hypothetical solid solutions in the M - S i - C sys-
tems, which retain the initial sphalerite-like structure of silicon
carbides. In addition, they can simulate one of the probable
mechanisms of the formation of intermediate layers in complex
silicon-containing ceramics at the contact boundary between a
solid grain (SiC) and the elements of the plasticiser, which consist
as a rule of d,p metals or their alloys.

The results obtained are presented in Fig. 7. Taking into
account the data obtained by band calculations for the ideal
3C-SiC carbide,96"101 it was found that the form of the LDOS for
the transition metals at the beginning of the 3d series is determined
by the nature of the overlap of their outer states with the valence
band of the matrix. As the orbital energies of the impurity decrease
(Sc -* Cu), the filled part of the LDOS undergoes a low-energy
shift. For M = Mn, the impurity states are concentrated in the
region of the local minimum in the density of states in the pp band
of SiC, whereas for M = Fe, Co or Ni atom-like (nonbonding)
LDOS resonances arise in the forbidden gap between the ss and pp
bands of silicon carbide.

The distributions of the lowest free states of the doping d
atoms are also found to be significantly different. Their concen-
tration near the upper boundary of the forbidden gap of the
carbide increases sharply with increase in the atomic number of
the impurity. The nickel impurity exerts the most 'dramatic' effect
on the conducting properties of SiC, its presence being responsible
for the appearance of resonance peaks in the forbidden gap of
silicon carbide.95

DOS/Ry-1

10
DOS/Ry-

16 --

Co

Ni

Cu

EF

Ef

-1 .2 -0 .7 -0 .2 0.3 -1 .2 -0 .7 -0 .2 0.3 -1 .2

Figure 7. Local DOS of the id metal impurities in cubic 3C-SiC. Calculation by the LMTO GF method.
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Estimation of the energy characteristics of the rearrangement
of the interatomic interactions under the influence of the impurity
(by the method proposed in the study of Anisimov et al.102)
indicates that in all cases the change in the total energy of the
initial crystal is positive (A.E > 0), i.e. the 'rupture' of the stronger
Si - C bonds is not compensated by the newly formed M - C bonds
and in this respect the systems under consideration proved to be
unstable. Minimal destabilisation occurs when the atoms of
aluminium and of the 3d metals at the beginning and end of the
series are introduced into the bulk of silicon carbide. It follows
from the foregoing that the formation of the modelled homo-
geneous solid solutions, retaining the SiC structure, is more
difficult95 than, for example, the formation of reciprocal solid
solutions of transition metal carbides and nitrides.1"7

The study of M -> Si substitution for a 25% concentration of
titanium and vanadium impurities in 3C-SiC, which exert the least
destabilising effect on the energetics of the system under con-
sideration, has been continued103-104 by the LMTO method. The
initial carbide was described using the Si4C4 supercell in which the
silicon atoms were replaced by titanium or vanadium atoms. This
made it possible to calculate the electronic properties of the
Sio.75Tio.25C and Sio.75Vo.25C ternary systems. It has been noted
that the titanium and vanadium impurities lead to the appearance
of sharp DOS peaks in the region of the top of the valence band
and alter significantly the form of the DOS of the conductivity
band of silicon carbide. These changes are caused by the 3d
orbitals of the metal, to which corresponds a large negative
pressure of the electronic-nuclear system (p\), i.e. they are
bonding in character. For Sio.75Tio.25C, the energy of the substitu-
tion of 25% of the silicon atoms by titanium (£Sub) is negative,
which indicates the possibility of the formation of a stable
structure in the S i - T i - C system, where the titanium atoms
occupy silicon sites.

For Sio.75Vo.25C, the substitution energy is positive. This may
be associated both with the differences in the energetics of the
formation of bonds by vanadium and titanium with the environ-
ment [|/>i|(Ti) > [pi|(V)] and with the overall decrease in the
cohesion energy of the carbide crystal with the vanadium
impurity as a result of the increase in the overall electron
concentration.

The possibility of the partial substitution by titanium atoms of
the silicon carbide C-sublattice sites has been considered.104

It was established that the doping of the nonstoichiometric (with
respect to carbon) SiC* with titanium has a negative effect on the
overall stability of the system.

The nitrogen impurity has a significantly different effect in this
respect. LMTO calculations for the silicon carbonitride
SiC0.75N0.25 have shown 104 that, on partial C -> N substitution,
the substitution energy is 0.09 Ry, whereas after application of
corrections for dissociation (0.10 Ry) the substitution energy
becomes negative.105'106 Consequently such substitution may be
energetically favourable. We may note that a similar small
deviation from the linear variation of £SUb has been found also
for titanium carbonitride.106

The results obtained in the syntheses and in the study of the
electronic states of yet another group of silicon-containing solid
solutions with a different (cubic, of the NaCl type) structure of
titanium siliconitrides and silicocarbides have been published in a
series of communications.85-107-109 Films of TixSiyN. solid
solutions were deposited on a molybdenum foil substrate and on
the (100) surface of a NaCl crystal.109 The composition of the
solid solution and the structure and chemical state of the
component atoms were investigated as a function of the pressure
of the working gas (N2), temperature, and the potential of the
substrate and the cathodic current. With increase in pu2 the
nitrogen content in the film increases up to saturation, while the
oxygen concentration actually diminishes. The observed type of
variation of the N : Ti and O: Ti ratios with nitrogen pressure
(Fig. 8) is typical for MN films (M is a transition d metal). At
lower nitrogen pressures, the variation of the Si: Ti ratio is

X,:Ti
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Figure 8. Dependence of the composition of the Ti^Si^N^O) films on the
nitrogen pressure. X: (/) Si; (2) O; (3) N; (4) O + N; (5) O + N + Si.

unexpected — it increases in parallel with increase in the oxygen
content up to 0.3, which is much greater than the Si: Ti ratio in the
target employed (~ 0.1).

It was established that, within the narrow range of nitrogen
pressures pn2 = 6 x l 0 ~ 2 - l x l 0 ~ ' P a (region / / in Fig. 8), the
TiSixNyO; films have a single-phase cubic structure. X-Ray
photoelectron spectra indicate'10 identical energetics of the core
states (Ti 2p, N Is, O Is) of these films and cubic titanium nitride
and oxide nitride films.53-54 The Si 2p silicon line is recorded
distinctly in the region of the 99.1 eV binding energy. An estimate
of the Si: Ti ratio based on XPES yielded ~ 0.04 -0.12 depending
on the film deposition conditions.109-110 X-Ray probe micro-
analysis confirmed the presence of silicon and its uniform
distribution in the cubic phase.

An increase in the lattice parameter of the siliconitride (from
4.16 to 4.28 A) with increase in the silicon content was observed,
which has been attributed to the differences between the atomic
radii of silicon and nitrogen (1.71 and 0.71 A respectively).109

The question of the sites occupied by the silicon atoms in the
single-phase (of the NaCl type) TixSi^N; solid solutions, which
was investigated by XPES, is of independent interest.110 The
binding energies of the Si 2/>, Ti 2^3/2 N Is, and O Is core levels
for a TiSio.iNo.9(0) film with a cubic structure and certain
chemical compounds containing silicon and titanium are pre-
sented in Table 7. Evidently, in the specimens where silicon is the
electron donor, oxygen or nitrogen atoms are disposed in its
immediate environment and the maximum of the Si 2p level is
displaced towards higher binding energies relative to the 'pure'
silicon. On the other hand, if the first coordination sphere of
silicon contains titanium atoms, the Si 2p line shifts towards lower
binding energies.

Table 7. The binding energies (eV) for certain core levels in TirSi,.Nr(O)
cubic (Bl) films and certain titanium- and silicon-containing compounds
according to X-ray photoelectron spectroscopy studies.

Compound

Ti5Si3(O)
Tio.7Sio.25Oo.02

(target)
Ti*SivN.-(O)
TiN(O)
Si
Si3N4(O)
SiO2

Ti 2/>3/2

454.1
454.1

455.0
455.1

—
-
-

Si 2p

98.8
99.0

99.1
—
99.5

101.7
103.1

N \s

—

-

397.3
397.3

—
397.5

-

O \s

530.9
531.6

531.4
531.5

—
531.3
532.4



Ternary carbides and nitrides based on transition metals and subgroup IIIB and IVB elements 471

The energy of the Si 2p level in the Ti - Si - N(O) film (99.1 eV)
indicates the existence of a negative charge on the silicon atom and
hence the disposition of these atoms in the nonmetallic sublattice
of titanium oxynitrides.

A correlation between the content of silicon, nitrogen, and
oxygen atoms and the degree of defectiveness has been
observed109110 for all the Ti.vSi,.N_- films investigated: in the
region of the existence of the single-phase structure, the silicon
content in the films increases simultaneously with increase in the
oxygen concentration with retention of a virtually constant
overall concentration of oxygen and nitrogen [(N + O)/Ti* 1.0].
The decrease in the quantity (N + O)/ Ti leads to an increase in the
silicon concentration in the cubic B\ phase and one can therefore
postulate that, as the degree of defectiveness of the nonmetallic
sublattice and its oxygen content increase, the incorporation of
silicon atoms into the TiN(TiNvOr) structure becomes more
favourable.

A synthesis of methastable cubic single-phase SS (as a coating)
of the composition Tio.5Sio.5C by the magnetron sputtering
method using a hot-pressed two-phase TiC / SiC target has been
reported.94 The preparation of single-phase SS based on TiC and
including silicon was noted to be substantially more energy
consuming (ion bombardment, heating of the substrate) than the
preparation of aluminium-containing alloys like Tio.5Alo.5N. This
was attributed 94 to the lower mobility of atoms in the near-surface
layer of TiC / SiC, which is due to the presence of strong covalent
bonds. The localisation of the silicon atoms in the cubic structure
of the Ti.TSi(,C- films has not been specially studied (it has been
assumed implicitly that the silicon atoms substitute the metal
atoms in TiC by analogy with the Al->Ti substitution). In our
opinion, this problem needs to be further considered.

Simultaneously with the synthesis and the study of the
structure and properties of films of the cubic TiSi.̂ N,, phase, the
computer simulation of the electronic characteristics of a series of
cubic (of the NaCl type) alloys with a variable content of
component atoms in the unit cell of the crystals was under-
taken.107-108 The relative stabilities of the hypothetical cubic
solid solutions were investigated as a function of their composi-
tion and the possible mechanism of the substitution by silicon of
different kinds of sites in the initial TiC and TiN matrices.

The following series of solid solutions were examined:
I- TiC-TiSio.25Co.75-TiSi0.50C0.5o; TiN-TiSio.25No.75-

TiSio.50No.50-TiSio.75N0.25 •
II. TiC-Tio.75Sio.25C-Tio.50Sio.50C; TiN-Tio.75Sio.25N-

Tio.5oSio.5oN.
The process involving the formation of a solid solution on

Si -»(C,N) substitution was simulated for the series I solid
solutions (by the LMTO method adopting TiC and TiN as the
bases), whereas the substitution of silicon atoms by titanium
atoms was simulated for the series II solutions.

Certain results of such simulation 107-108 are presented in
Table 8 and in Fig. 9. Evidently, when silicon atoms are intro-
duced into the bulk of the initial TiN, its spectrum is significantly
transformed. On Si -»N substitution, two intense DOS peaks
arise near the upper and lower edges of the p - d band and broaden
markedly with increase in the silicon concentration, which
diminishes the forbidden gap between the s and p-d bands of
TiN. A decrease in the intensity of the peak of the density of the
N 2s states, as well as the partial emptying (as a consequence of
the decrease in the concentration of valence electrons) of the
antibonding (relative to the p-d band) subband of the delocalised
metallic states, a decrease in the density of states at the Fermi level
N ( £ F ) , are observed at the same time.

On the other hand, on Ti -> Si substitution the concentration
of valence electrons in the cell does not change (9 e) and the Fermi
energy does not actually shift; however, the perturbation of the
TiN spectrum as a result of the introduction of the impurity is
accompanied by an appreciable increase in N ( £ F ) -

A series of significant differences in the distribution of the
LDOS of the elements comprising the solid solution have also

Table 8. The cohesion and substitution energies for solid solutions in the
T i - S i - C - N - O system.

Compound - £ c o h / R y

TiN
Tio.75Sio.25N
Tio.5oSio.5oN

TiSio.25No.75
TiSi0.50N0.50
TiSio.75No.25
TiSio.25No.5o
TiSio.25No.50Oo.25
TiSio.25No.50Co.25

TiC
Tio.75Sio.25C
Tio.5oSio.5oC

TiSio.25Co.75
TiSi0.50C0.50

1.32
1.03
0.72
1.13
1.05
1.01
0.92
1.05
1.21

1.59
1.31
1.05
1.42
1.28

0.23
0.53
0.18
0.21
0.25
0.37
0.24
0.08

0.28
1.54
0.17
0.31

been noted as a function of the type of sites occupied by silicon.
These are caused primarily by the fundamentally different nature
of the hybridisation of the valence states of silicon and the atoms
coordinating it (SiN6 or SiTi6).

107 One may assume that fairly
simple X-ray emission experiments (for example the study of the
nitrogen and silicon Klines and the titanium L^ lines) may provide
unambiguous evidence in support of one of the possible mecha-
nisms of the incorporation of silicon in the crystal.

The incorporation of silicon in TiC exerts an even greater
influence on the electronic structure of the matrix (Fig. 9). In the
completed state, the carbide may be classified as a semimetal.1 ~4

Thus, whereas on substitution of silicon by carbon the Si 3p states
are concentrated in the region of the p-d subband and peak A
corresponds to the atom-like nonbonding Si 3s resonance in the
region of the forbidden gap between the C 2s and p subbands of
the carbide (i.e. the bonding in TiSixCi_.v is of the Ti 3d-Si 3p
hybrid type), in the Tii -x Si*C spectrum one can trace distinctly,
apart from the additional Si 3.s-like maximum (in the vicinity of
the lower edge of the C 2s-type band) and the DOS peak (in the
region of the forbidden gap of TiC of the mixed Si 3s,3p type), a
progressive increase in the Si 3s,3p and C 2p local density of states
(giving rise to the p-p bonding) in the near-Fermi region of the
crystal characterised by a deep DOS maximum for the ideal
TiC.o.

The introduction of silicon at both N and Ti sites of the TiN
lattice reduces appreciably the cohesion energy of the crystal,
while the substitution energy is positive (Table 8). This should
hinder the synthesis of homogeneous silicon-containing cubic
solid solutions under equilibrium conditions, i.e. these solutions
may be obtained predominantly in a metastable state.

On Si -»N substitution (for solid solutions with identical
silicon concentrations) |£coh| is greater and £SUb is smaller than
the corresponding values calculated for the alloys where silicon is
inserted at Ti sublattice sites (solid solutions containing identical
silicon concentrations are compared), which indicates unambigu-
ously that the substitution of nitrogen by silicon is preferable.
With increase in the silicon concentration, |£cohj diminishes and
there is a corresponding sharp increase in the positive £sub, which
indicates that the preparation of cubic solid solutions with a high
silicon content becomes more difficult.

Comparison of the energy parameters of the silicon-contain-
ing nitride and carbide alloys shows 107-108 that the trends in the
variation of £coh and £Sub for the Ti.TSi,,C2 solid solutions are the
same as for titanium siliconitrides.

(1) The insertion of silicon at both Ti and C sites is an
energetically unfavourable process, the Si -> C substitution occur-
ring more readily than Si -» Ti.

(2) With increase in the silicon concentration, there is an
appreciable decrease in |£COh| and an increase in £SUb, which is the
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Figure 9. The total (a, e) and partial (b-dj-h) DOS for the TiSio.25Co.75 (a-d) and Tio.75Sio.25C (e-h) solid solutions.

reason for the instability of the silicon-enriched cubic solid
solutions.

(3) In the Si -»C substitution, silicon becomes involved in a
p-dhybrid bond with the metal, whereas in the Si -* Ti substitu-
tion the type of bond is determined by the mixing of the p-p
functions.

The influence of impurities and N vacancies on the electron
spectra and the stability of the cubic TiSi.tN,. solid solution have
been investigated within the framework of the LMTO method.
The following compositions were examined:108 TiNi.o, TiSio.25.
.N0.75, TiSio.25No.5o, and TiSio.25No.50Oo.25- In addition, the
dependence of the equilibrium lattice parameter R of the TiSixN^
alloys on the composition of the metalloid sublattice was deter-
mined.108 Fig. 10 presents the dependence of the total energy of
the alloys £tot on R. Evidently, for the completed nitride TiNi.o,
the calculated parameter R = 4.22 A agrees with the experimental
value.4'5 The incorporation of silicon atoms in the N sublattice
leads to an appreciable increase in R (from 4.22 A in TiNi.o to
4.32 A in TiSio.25No.75). The presence of oxygen impurities or vac-
ancies promotes a further increase in R (~ 4.34 A for TiSio.25No.50
and TiSio.25No.50Oo.25), which agrees with experiment.109-"°

Comparison of the DOS and LDOS distributions for the
TiNi.o, TiSio.25N0.75, TiSio.25No.5o, and TiSio.25N0.50O0.25 phases,
obtained for equilibrium values of R, shows that the introduction
of N defects is accompanied by a steady decrease in the contribu-
tions of the N 2s,2p states to the region of the occupied states of
the spectrum and also by a significant redistribution of the valence
states of titanium with the appearance of distinct d resonances,
one of which is in the immediate vicinity and the other has the
same energy as Ep (Fig. 11). The distribution of the 'vacancy'
states is similar. The above features are due to the reorganisation
of the states of the metallic centres coordinating the vacancy and
reflect the partial 'elimination' of the splitting of the Ti states into
bonding and antibonding. (This occurs for the completed TiX6

immediate environment.) The Ti states pass to the region of
nonbonding states (in the vicinity of EF), giving rise to the
'vacancy' peaks in the DOS for titanium noted above. Some of
the latter are 'trapped' by the sphere of the defect, giving rise to
DOS vacancies.9-10-102- IOS.HI-IM

A different type of DOS distribution is observed for the
TiSio.25No.soOo.25 alloy (Fig. 11). The most notable changes in
the electronic structures of the solid solutions, associated with the
incorporation of oxygen atoms in their sublattices, consist86-108 in
the appearance of additional 'impurity' subbands of the O 2s and
O 2p types, the former being of the quasi-core type and being
located in the energy gap below the bottom of the valence band of
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Figure 10. Dependence of the total energy of the crystal (£tot) on the
lattice constant for the TiNi.o (a), TiSio.25No.75 (b), TiSio.25No.5o (c), and
TiSio.25No.50Oo.25 (d) cubic phases. Calculations by the LMTO method.
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Figure 11. The energy distributions of the total (a, f) and partial (b-d, g-k) DOS for the nonstoichiometric (with respect to the N sublattice)
TiSio.25No.5o (a-c) and TiSio.25No.50Oo.25 (f-k) cubic solid solutions. Calculation by the LMTO method, (e) Resolution of the 'vacancy' states into states
with the Vs and Vp symmetries.

the siliconitride. The latter subband (of the O 2p type) is localised
near the DOS minimum between Si 3s band and the hybrid p-d
band of the matrix.

The influence of the defects considered on the energy state of
the Ti - Si - N system has been discussed86> l08 using the cohesion
energies of the crystals and the substitution energies. It was
established that the presence of the oxygen impurity or of lattice
vacancies in the structure of the TiSi.vN,, phase leads to a decrease
in |£COhl and an increase in |£SUb|, indicating a progressive
destabilisation of the system in the series TiSio.25No.75 -»
TiSio.25No.50Oo.25 -• TiSio.25No.5o- These data indicate a greater
energy stability of the siliconitride with an oxygen impurity
compared with the solid solution containing N vacancies.109''10

The results of studies on the electronic properties of sili-
con-containing solid solutions retaining the basic structure of the
initial binary phases — sphalerite (SiC) or rock salt (TiC, TiN) —
have been considered hitherto.

The study of the phase equilibria in the Ti - Si - C system made
it possible to establish the existence of at least two ordered
silicocarbide phases — Ti5Si3CT and T i sS^ . 1 " 3 - 8 8 ' 9 2 ' " 5 " 1 1 7

Among these phases, the TisSiC2 phase with a hexagonal
structure (P63//WWC space group, unit cell parameters
a = 3.066 A, and c = 17.646 A), in which the metal atoms occupy
two structurally nonequivalent sites with and without silicon
atoms in their immediate environment (Fig. 12), has attracted
the greatest attention recently.93'94'"6'117 It plays a significant
role in the formation of the microstructure of the contact band of
ceramics of the type TiC / SiC and Ti / SiC.92~94 The development
of ceramic polycrystalline materials based on titanium silicocar-
bide has been reported.88"93

The band structure of Ti3SiC2 has been calculated by the
full-potential self-consistent LMTO method.118

In contrast to the electron structure of the binary titanium
carbide,7"10 E? for the electronic structure of the silicocarbide
coincides with the peak of the density of the d states of titanium
(Fig. 13), which should give rise to the metal-like properties of this
phase. The contributions to N ( £ F ) by the states of the structurally

nonequivalent titanium atoms are significantly different, the Ti(l)
states playing a decisive role [N(iiF)Ti(i): N(£p)Ti(2)~3.76].

The form and energy distribution of the DOS for the Ti(l) and
Ti(2) atoms are also different (Fig. 13). Thus, whereas the DOS
for the Ti(l) atoms, having both Si and C centres in its environ-
ment, contains two maxima with energies identical with those of
the DOS peaks for carbon and silicon, the valence states of the
Ti(2) atoms, containing only carbon atoms in the first coordina-
tion sphere, are displaced downwards on the energy scale [relative
to the density of states of the Ti(l) type], whereas the form of the
density of states for the Ti(2) centres repeats in many respects the
form of the C 2p states.

An estimate of the effective charges on the atoms [+ 0.614 e
for Ti(l); + 0.641 e for Ti(2); -0.304 e for Si; -0.384 e for C]
indicates partial charge transfers in the Ti(l,2)->Si direction,
which ensures the existence of an ionic component in the overall
chemical bonding system in Ti3SiC2. Consequently a combined
ionic-covalent-metallic type of chemical bonding arises in

. It is determined by the charge polarisation between the

O Si
• C

Figure 12. A fragment of the Ti3SiC2 crystal structure.



474 A L Ivanovskii

DOS/eV

- 1 2 - 1 0 - E/eV

Figure 13. The total (a) and partial (b-e) DOS for Ti3SiC2. For the
significance of Ti(l) and Ti(2), see text.

atoms of the metal and the metalloids, the hybridisation of the
valence states [of the Ti(l) 3d-Si 3p, Ti(l) 3d-C 2p, Ti(2) 3d-
C 2p, and Si 3p-Si 3p types], and the delocalisation of the near-
Fermi d states of titanium [mainly of the Ti(l) atoms].118

The next stage in the study of the electronic properties of
titanium silicocarbides (as well as the silicocarbides of other
transition metals) should include a more detailed description of
the chemical bonding, its anisotropy, and its influence on the
properties of the silicon-containing phases.

IV. Chemical bonding in ternary carbides and
nitrides based on subgroup VIIA and VHIA
transition metals

The compounds based on subgroup VIIA and VIIIA transition
metals constitute a representative class of ternary carbides and
nitrides.1"3-29"32 The carbides M3M'C (M is a transition metal
and M' are subgroup IIIB and IVB nontransition elements) have
been most thoroughly investigated. The magnetic characteristics
of these compounds as well as the magnetic and structural phase
transitions, observed in the temperature range 200 - 500 K, have
attracted the greatest attention of investigators.29"32 In the
high-temperature region, these compounds have a cubic structure
of the antiperovskite type1"3 '119"128 and are paramagnetic
materials of the Pauli type; at lower temperatures, tetragonal
lattice distortions as well as second-order magnetic phase transi-
tions with formation of several possible types of ordered magnetic
structures have been discovered for the series of car-
bides.29"32-129-142

The first model of the interatomic interactions and the
electronic states in the MaM'C phases was proposed by Jardin
and Labbe.143"145 According to this model, the carbides have an
extended conductivity band, which overlaps with a narrow band
of hybrid states made up of contributions by the M d and C 2p
orbitals. The distribution of the DOS for this band has been
estimated with the aid of the approximate tight-binding
scheme.145 A logarithmic singularity has been observed in the
DDS near its energy centre. Postulating that the Fermi level EF is
located near the peak of the antibondingp-rfsubband, Jardin and

Labbe143"145 explained the instability of the crystal and magnetic
structures of MaM'C on the basis of the characteristics of the
electronic structure which they postulated.

We may note that this model was not confirmed in subsequent
numerical calculations for the series of perovskite-like carbides.

The first self-consistent LAPW calculations for MnsM'C
(M' = Zn, Ga, In, Sn) in a nonmagnetic high-temperature state
(cubic structure) established146'147 that the near-Fermi region of
the carbide is made up mainly of the d states of the transition
metal, whereas the valence bonding (antibonding) subbands for
the other component atoms are located somewhat below (above)
the Fermi level. Estimates of the local magnetic moments (LMM),
carried out with the aid of spin-polarised calculations for the
ferromagnetic states of MnjGaC, showed146 that the Mn 3d
states undergo the maximum spin splitting; the LMM on the
atoms are 1.35 uB (Mn), - 0.12 uB (C), and -0.008 uB (Ga), the
estimates being quite reasonably correlated with experiment (the
LMM on Mn is 1.3 ± 0.1 UB at 193 K).32

Systematic LMTO calculations for the cubic carbides MaM'C
(M = Mn, Fe; M' = Zn, Al, Sn, Ga) made it possible to dis-
cover148- 149 the rules governing the variation of the electronic
structures of the compounds as a function of the composition of
the M and M' lattices. Fig. 14 presents as an example the
electronic states of MnjZnC. Evidently the valence band contains
four distinct subbands. The lower subband is of the quasi-core
type and is made up mainly of the contributions of the C 2.? states
with slight additional contributions of the Zn 3d, Mn 3d, and
Zn 4s states. The next bonding band includes the hybrid
C 2/j-Mn 3d functions as well as the pseudoatomic resonances
of the Zn 3d and Zn 4s states. The nonbonding, partly filled near-
Fermi subband is determined by the dispersion of the Mn 3d
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Figure 14. The total (a) and partial (b-e) DOS for the nonmagnetic
Mn3ZnC. Calculations by the LMTO method.
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Table 9. The partial charges in the atomic spheres (q j e) and the differences between the charges in the atomic spheres in the crystal and
(Aq 1 e) in manganese and iron carbides.

Charge

?(Mn,i)
q(Mn,p)
q(Mn,d)
Aq(Mn)

q(M',sY
q(M',p)
q(M',d)
A</(M')

q{C>s)
q(C,p)
Aq(C)

' M' = Zn,

Mn3ZnC

1.616
1.844
3.207

+ 0.333

1.122
0.650

10.030
+ 0.198

1.426
3.374

-0.800

Al, Sn, or Ga.

Mn3AlC

1.670
1.974
3.153

+ 0.221

1.238
1.392
0.226

+ 0.144

1.420
3.388

-0.808

Mn3SnC

1.645
2.065
3.175

+ 0.115

1.480
1.973
0.

+ 0.547

1.396
3.494

-0.890

Mn3GaC

1.598
1.916
3.218

+ 0.268

1.472
1.521
0.

+ 0.007

1.428
3.384

-0.812

Charge

q(Fe,d)
A<?(Fe)

q(M',p)
q(M',d)
Aq(W)

q(C,s)

Aq(C)

FejZnC

1.682
1.856
4.207

+ 0.255

1.060
0.928
9.886

+ 0.126

1.430
3.458

-0.888

Fe3AlC

1.704
1.964
4.158

+ 0.174

1.242
1.280
0.226

+ 0.252

1.424
3.348

-0.772

in the free state

Fe3SnC

1.698
2.058
4.178

+ 0.066

1.500
1.848
0.0

+ 0.652

1.382
3.466

-0.848

states, with a lower vacant antibonding band including the C 2p
and Mn 3d states. The above four-band structure is characteristic
of all the carbides examined146"149 and the changes in the
composition of the M' sublattice influence only the energetics of
the 'centre of gravity' of the M' subband and the degree of their
splitting (into bonding and antibonding components). Further-
more, the change in the concentration of valence electrons on
replacement of the nontransition metal by elements of a different
kind determines the position of Ep relative to the near-Fermi
resonance of the M 3d type. Thus the Fermi level for M^SnC
coincides with the DOS peak, as a result of which N ( £ F ) is a
maximum in the above series of compounds. This can be treated as
the factor responsible for the minimal stability of the cubic
structure of the given carbide, which undergoes lattice distortions
or variations in composition.'-2-' 19~122

The Mn -> Fe replacement in the above phase leads (as a
consequence of the decrease in the lattice parameter) to a some-
what greater splitting of the bonding and antibonding
sub-bands148'149 and also to the filling of the nonbonding states,
whereupon N ( £ F ) reaches a maximum value for Fe3AlC.

As regards the nature of the interatomic interactions, analysis
shows148-149 that, apart from the direct bonds linking transition
and nontransition metals to one another and covalent M - C
interactions of the p-d type, the chemical bonding system in
crystals is supplemented by interactions of the s-s,s-p, and p-p
types between nontransition metals and carbon. In addition, it
follows from Table 9 that partial transfer of charge density from
metals (transition and nontransition) to the sphere of the carbon
atom is observed, but in the case of compounds with the same M'
sublattice [for example, Mn3M'C and Fe3M'C (Table 9)] the
effective positive charges are found to be higher for manganese
than for iron. We may note that in this respect the situation
repeats the familiar tendency in binary carbides, where the ionic
component of the bond diminishes with increase in the atomic
number of the carbide-forming metal.7"12

The band structures and magnetic properties of individual
representatives of the carbides MsM'C, in the first place the
relative stabilities of the possible types of ordering of the spin
subsystem, have been investigated.150"153

The total energy has been estimated by the LAPW method for
the nonmagnetic, ferromagnetic, and antiferromagnetic states of
MnjGaC as a function of the volume of the unit cell.150 It was
established that the ferromagnetic spin ordering is energetically
most preferred for the equilibrium volume, since with increase in
the lattice constant a transition from the ferromagnetic to the
antiferromagnetic state (FM -> AFM) should be observed. This
finding conflicts with experiments153-154 according to which the
AFM state is established at T < 165 K. The authors150 attribute
this discrepancy to the use of the spherically-symmetrical approx-
imation to the potential.

An attempt to take into account the influence of the tetragonal
lattice distortion on the photoelectron spectra of the Mn3M'C
(M' = In, Sn) has been undertaken151 within the framework of
the LMTO ASA method wherein the manganese atoms are at two
structurally nonequivalent sites [Mn(I) and Mn(II)], which is
significantly reflected both in the distribution of their DOS
(Fig. 15) and in the local magnetic moments localised on the
given atoms, the difference between which amounts to ~ 1.59 UB
for MnsSnC (in the ferromagnetic state) and to —1.17 UB for
Mn3lnC. Together with the ferromagnetic spin ordering, ferri-
magnetic spin ordering as well as the possibility of their coex-
istence were investigated. An estimate of the total energy for the
above cases made it possible to claim151 that a 'mixed' state of the
spin subsystem is most probable.
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Figure 15. The partial DOS for the Mn3SnC ferromagnetic phase with a
tetragonal structure. The DOS for the structurally nonequivalent man-
ganese atoms [Mn(I) and Mn(II)] with 'upward' (/) and 'downward' (2)
spin directions. Calculation by the LMTO method.
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The type of transition (FM ?± AFM) has been determinedIM

in relation to Mn3GaX (X = C, N) as a function of the composi-
tion of the metalloid sublattice and the lattice constant (the
LMTO ASA method). In contrast to the preceding data,151 it
was established that, for the equilibrium value of the lattice
constant, the AFM state is the most stable for Mn3GaC, the
maximum local magnetic moment corresponding to it (the local
magnetic moment on the manganese atom is 1.63 UB for AFM and
1.39 UB for FM); the local magnetic moment increases with
increase in the lattice constant. The local magnetic moment on
the manganese atom in Mn3GaN is 1.52 uB,152 which exceeds
somewhat the experimental value of 1.17 UB-32

In contrast to carbides, the available information about the
electronic properties of the ternary nitrides belonging to the class
under discussion is extremely limited. With the exception of the
study already mentioned,152 we are aware only of calculations for
the nitride Fe3SnN155 and also for Fe3MnN and Fe3PdN,156

carried out by the LMTO method. The main task of the above
investigations155'156 was to determine the influence of partial
substitution of the iron atoms in the face-centred cubic crystal
structure of y-Fe4N by elements of a different kind on the
parameters of the band structure and on the stability and
magnetic properties of the latter.

The magnetic characteristics of the cubic Fe4N have now been
investigated in fair detail both experimentally157-'59 and theoret-
ically (by the quantum-chemical computational method).160"162

In the series of ternary nitrides listed above, the electronic
structure of the Fe3SnN alloy is of greatest interest in the context
of this review.155 According to Mossbauer spectroscopic
data,158'163 the tin atoms are inserted predominantly at the sites
occupied by the Fe(l) atoms located at the vertices of the y-Fe4N
unit cell [in contrast to the Fe(2) atoms, which are at the centres of
its lateral faces].

In order to take into account the influence of the size factor [in
the Sn -»Fe(l) substitution], calculations were made of the DOS
with the lattice constant varied in the range ~7.17-7.46 a.u. It
was established 155 that the energy bands close to Ep are made up
mainly of the Fe Estates, which make the maximum contribution
to N ( £ F ) , with only slight additional contributions by the Sn of and
N p states. The introduction of the tin impurity into the perov-
skite-like y-Fe4N diminishes appreciably the overall magnetisa-
tion of the system from 9.40 to 6.00 UB (per formula unit)
respectively. The contributions of iron to N ( £ F ) and the local
magnetic moments on the given centres in Fe3SnN exceed in their
turn the corresponding values for Fe(2) in y-Fe4N.

The dependence of the local magnetic moments on the Fe(l)
and Fe(2) atoms in y-Fe4N and on the iron atoms in FejSnN on
the lattice parameter is extremely interesting (Fig. 16). It shows
that the 'contraction' of the crystals (by 10% of the volume) has
the most 'dramatic' effect on the local magnetic moments on the
Fe(2) and Fe centres: as a result of the contraction, they diminish
sharply up to the disappearance of the local magnetism on the
Fe(2) atoms of the y-nitride. A similar phenomenon had been
observed earlier for iron 164~l67 in a series of Fe-Pd and Fe-Ni
invar alloys with a face-centred cubic structure.168 The above
'magnetic collapse' effect on decrease in volume can be accounted
for by the appearance of several magnetic phases. The wide scale
employment of this model for the interpretation of the nature of
the variation of the local magnetic moments on the Fe centres of
the nitrides requires correct calculations of the total energies of
these objects for different types of spin ordering.

Finally, the results of Kuhnen and dos Santos155 make it
possible to describe the charge transport and the nature of the
interatomic bonds in Fe3SnN. The effective atomic charges
[-1.415 e (Sn), + 0.658 e (Fe), and - 0.560 e (N)] indicate the
transfer of charge density into the sphere of the iron atoms. As
regards the nature of the chemical bonding, analysis of the form of
the LDOS for the component atoms permits the conclusion that
the nitrogen atoms are mainly involved in covalent p-d bonds
with the iron atoms to which they are coordinated, the outer states

7.0 8.0 a/a.u.

Figure 16. Dependence of the local magnetic moments of iron [Fe(l) and
Fe(2), see text] for y-Fe4N and of the iron atoms in Fe3SnN on the lattice
parameter: (/) Fe; (2) Fe(2); (3) Fe(l).

of the latter becoming mixed with the s,p functions of the Sn
centres and the s,p,d states of the neighbouring (in the FeeN
octahedron) iron atoms, whereas the S n - N interaction is
assumed155 to be negligible. Finally, the determination of the
types of interatomic interactions, predominating in the organisa-
tion of the overall chemical bonding system in the crystal and
responsible for its structural and physicochemical properties,
requires more detailed calculations, including the estimation of
pair (and multicentre) bonds of different nature as regards energy.

In conclusion we may note that, despite the fact that the
studies on the electronic properties of complex carbides and
nitrides of transition metals and subgroup MB and IVB elements
began fairly recently, the results obtained hitherto constitute a
fairly promising basis for a correct interpretation of the funda-
mental features of the electronic structure, the nature of the
chemical bonding, the charge distributions, and certain proper-
ties (in the first place spectroscopic and magnetic) of the groups of
the above substances which are of greatest interest and practical
significance.

Priorities in further research are formulated taking into
account the results obtained. Among such priorities, one may
include the determination of the characteristics of the transforma-
tion of the properties of ideal three-component systems under the
influence of impurities, defects (in the ordered and disordered
states), and crystal distortions as well as under the influence of their
combined action. The mechanical, thermal, strength, and catalytic
properties, which determine the technological aspects of the
employment of the phases under discussion, have been virtually
uninvestigated (from the theoretical standpoint). The development
of models and numerical calculations of the above properties
(which may also be predictive in nature) should constitute the
next stage in the study of such phases. Investigations designed to
achieve a theoretical description and modelling of the heterophase
(in the structural and magnetic respects) materials based on the
substances considered will be of undoubted importance.
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Abstract. The results of studies on the stabilisation of metal ions in
unusual oxidation states in oxide glasses are surveyed. Attention is
concentrated on the relation between the stabilisation of these ions
and redistribution of the electron density, and on the dispropor-
tionation reactions accompanying it. The effect of reversible low-
temperature disproportionation on niobium, titanium, vanadium,
molybdenum, tungsten, and other ions is considered. The
formation of metal clusters in oxide glasses is shown also to be
associated with disproportionation. The bibliography includes
108 references.

I. Introduction

Current developmental chemistry is addressing the problems of
producing new compounds and materials possessing valuable
practical properties.

Metal ions in unusual oxidation states (UOS) arise in inter-
mediate stages of redox processes including radiation-induced,
catalytic, biochemical, mechanochemical, and other processes.
Ions of this type have short lifetimes, and their steady-state
concentrations are low. The fact that these ions are formed and
their role in physicochemical processes have long remained
obscure and their existence has been supported only by indirect
data. Therefore, the physicochemical properties of these species
could be inferred only from theoretical considerations. The
appearance of matrix isolation methods in combination with
various spectroscopic methods and techniques for the investiga-
tion of fast chemical processes have made it possible to begin an
investigation of the properties of ions of various elements in UOS.

By the early 70s, studies devoted to the preparation of
compounds containing metal ions in UOS in liquid or glassy
aqueous media were published.1-2 The UOS of metals were
generated by radiation. Glassy media have been studied at 77 K
by stationary methods, namely, EPR and optical spectroscopy.3^6

The aqueous solutions at room temperature have been studied by
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pulse radiolysis using fast optical recording.7'8 The information
obtained made it possible to identify the regular variation of the
physicochemical properties of metal ions in UOS as a function of
their position in the Periodic Table and to embark upon solving
the problem of their long-term stabilisation in inorganic glasses at
300 K.

It turned out that the solution of this problem is primarily
associated with the elucidation of the role of the ligand environ-
ment of the metal ion, namely, the influence of the nature of
ligands on the distribution of the electron density in the atomic
orbital (AO) containing the electron that imparts to the ion the
properties typical of ions in UOS. In the second place, solution of
this problem is associated with the study of the physical properties
of the solid glassy matrix itself, which contains modifying ions
passing into UOS under various physical influences. Despite the
great structural diversity of inorganic glasses, the problem
actually reduces to the solution of a single fundamental problem,
namely, to the study of localisation and delocalisation of electrons
in the outer orbitals of atoms or ions as a function of the structure
and properties of the solid matrix. Our review is devoted to this
problem in relation to low-temperature glasses and inorganic
oxide glasses (silicate, germanate, borate, and phosphate).

II. Ions in unusual oxidation states in oxide glasses
1. Frozen (glassy) solutions
In the late 1970s and the early 1980s, a series of studies was carried
out at the Institute of Physical Chemistry of the RAS dealing with
UOS of Period 4 - 6 metals obtained by low-temperature radi-
olysis in aqueous solutions of acids (HCIO4, HC1, H2SO4) or bases
(NaOH, KOH) containing salts of these me ta l s . 3 - 6 9 1 4 The
choice of metals was determined by the fact that ions with the
electron configuration rf'V, i.e. ions existing in a 2S1 / 2 electronic
state, are conveniently studied by the highly sensitive EPR
method. These ions contain an unpaired electron in the outer
ns-AO and arise upon single-electron reduction or oxidation of the
central metal atom of an aqua, chloride, or other complex induced
by -/-irradiation of frozen glassy solutions. The ions in UOS can be
stabilised in glassy matrices at 77 K for an infinitely long period.

It has been shown3-6 9"1 4 that the reactions of the initial ions
with thermalised electrons (et~~) and HO" radicals in low-tempera-
ture glasses make it possible to obtain Zn1 + , Cd1 + , Hg1 + , Ga 2 + ,
In2 + , Tl2 + , Ge3 + , Sn3 + , Pb3 + , Sb4 + , and Bi4+ ions in the 2Sm

electronic state as well as Sn1 + and Pb1 + ions, which contain an
unpaired electron in the outer p-orbital. The ions in a 2Si/2
electronic state were shown to arise in the competing reactions of
e,~ with metal ions or with the hydroxonium ion. The Sn1 + and
Pb1 + ions are also formed via the reduction of Sn2+ and Pb2 +
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with thermalised electrons. The relative rate constants for the
reactions of et~ with Group IB-VB metal ions were determined.

H 3O+ + et" H2O + H\ (1)

(2)

For the ions in a 2Si/2 electronic state and for the Sn1+ and
Pb1 + ions, g-factors, constants A, of the isotropic hyperfine
coupling (HFC), optical absorption bands, and the extinction
coefficients were determined from EPR data and optical spectro-
scopy at 77 K (Table 1).

To study metal ions in a 2Si/2 electronic state by EPR, it is
important to know the isotropic HFC constants for these species
in the free state, A[°' . Ershov and Aleksandrov15 have suggested a
semiempirical method for the calculation of the /l[°' HFC con-
stants for series of isoelectronic ions of Periods 4 - 6 of the Periodic
Table existing in the 2Si/2 electronic state. Comparison of these
/ljo) values obtained with the HFC constants A\ of these ions in a
real medium permits determination of the character of their
interaction with ligands. In fact, for a 'free' ion, A^f1 = ^^(0)^,
where I f^O) |2 is the electron density at the nucleus caused by the
electron in the outer ns-AO, while for the M z + ion in a real
medium, A\ ~ *Fm, where *Pnj is the electron density in the
presence of a certain ligand environment. Thus, the AJA-° ratio
is the electron occupancy of the outer ns-AO that forms the
chemical bond with the ligands of the complex.

It has been shown that the density of the unpaired electron at
IIB-IVB Group metal ions, existing in the 2Si/2 electronic state,
in aqua and chloride complexes decreases with an increase in
the charge of the metal ion within the same period.9-12'14

In a study of optical characteristics of these ions, it has been
found that the energy of optical transitions at the maxima of
absorption bands (E^,,,) for the aqua complexes of IIB-IVB
Group metal ions existing in UOS and in the 25i/2 electronic state
increases regularly with an increase in the charge of the metal ion
within the same period, while for the chloride complexes, this
energy decreases. Semiempirical calculations of the energies of
the a\g and t\u molecular orbitals for aqua complexes have
shown that experimental E^mx values are in agreement with
AE = E(t\u) — E(a[g); this confirms the fact that the optical
absorption bands are due to the a\g —*• t\u transition.

It has been shown that in the case of chloride complexes,
optical absorption bands are due to the \t\u—*-a*ig,
2t\u —»• a\g, and 3t\u —*• a\g electron transitions. The energies
of these transitions decrease with increase in the charge on the
central metal ion in isoelectronic series.12 The antiparallel courses
of the variation of the energies of optical transitions in aqua and
chloride complexes of metal ions in an isoelectronic series are
accounted for by the crucial role of the ligand environment.
Unlike the optical transition in aqua complexes, which is caused
by the transfer of an electron from the central ion to the ligands
(H2O molecules), the optical transition in the chloride complexes

presence ot a certain ligand environment, Ihus, the AJAl ' ratio Unlike the optical transition m aqua complexes, which is cause<
is the electron occupancy of the outer ns-AO that forms the by the transfer of an electron from the central ion to the ligand;
chemical bond with the ligands of the complex. (H2O molecules), the optical transition in the chloride complexe

Table 1. Spectroscopic parameters of metal ions in unusual oxidation states in aqueous solutions of their salts at 77 K (low-temperature glasses).

Ion in Solution g-factor AJAf Amax/nm e/ 103 Ion in Solution g-factor AJAf1 Amax/nm e/103

UOS of the ion dm6 mol"1 UOS of the ion drn'mol"1

(./)a in UOS cm-1 (/)" in UOS cm^1

Zn1 +

(§)
Ga2 +

(1)
Ge3 +

(!)

Cd1 +

G)

In2 +

(1)

Sn3 +

(2)

Hg' +

G)

8MHC1
6MHCIO4

9-10MHC1
7MHC1O4

8-10MHC1

6-10MHC1

6 M HCIO4
5 M H2SO4
5 M D2SO4
5 M H3PO4

6-10MHC1

6 M HCIO4

6-10MHC1

5-8MHCIO4
5 M H2SO4
lOMNaOH

6-10MHC1

6MHCIO4

1.997

2.001
2.001

2.003

1.987

1.989
1.989
1.997
1.980
(1.986)b

2.005

1.995
1.996

1.989 tei).
2.001 te»)

1.981

1.982
(1.991)b

0.391
0.562

0.697

0.633
0.650
0.617
0.650
(0.622)b

0.413

0.428
0.516
0.267

0.660

0.785
(0.840)b

230
290

260
245

270

220
300
270

245
310
235

275
360
215

310

200
270
240

7.0
6.5

9.2

5.0

9.0
6.0

13.6

14.3

12.0
17.6

Hg1 +

G)

Tl2 +

G)

Pb 3 +

G)

Sn1 +

(seec)

Pb1 +

5 M H2SO4

5 M D2SO4

5MH3PO4

8MHC1

7MHC1O4

6-10MHC1

5-8.5MHClO4

lOMNaOH

6-10MHC1
5-8MHCIO4

5 M H2SO4

lOMNaOH

6 M HCIO4
6-10MNaOH

1.986
1.996

1.979
(1.987)b

2.002

2.002
2.002

2.005

1.999
1.991 (gi),
2.004 te»)

1.993 (gaver)
1.824 tei),
2.196 (g3)

1.812 tei),
2.174 (g3)
1.989 (gaver)

0.750

0.765

0.398

0.594
0.477

0.359

0.533
0.274

210

280
225

220
300
430

200

210

300
275
360

13.6

13.0
9.0

2.3
1.8

a The nuclear spin for the odd isotope of an ion in a 25i/2 electronic state is given in parentheses. b The g-factor of the ion at another stabilisation site.
c For Sn1 + ion, gaver = tei +S2 + #3)/3 or those values of g-factors that could be determined in the experiment, for example, g\ and g3, are given.
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is due to the electron transfer from the ligand (Cl ion) to the
central ion.

A regular variation of the £ ° [ M ( Z + 1 ) + / M Z + ] redox poten-
tials as a function of the charge on the cation existing in an unusual
oxidation state has been found:14-16 the £°[M<Z+1>+/MZ+]
values increase as the charge on the cation increases within one
Period, whereas within one Group, i.e. for ions having the same
charge, they increase with increase in the number of the Period.
The theoretical grounds for these regularities have been re-
ported.17

The above results reflect a fundamental feature of metals (in
particular, of metals in UOS having the dlosl electron configura-
tion), namely, that their physicochemical properties vary
monotonically with the atomic number.

These conclusions refer also to the ions in UOS arising at
room temperature. At 300 K in aqueous solutions, these species
disappear over periods of 10~ 6 -10~ 4 s , the time for their
destruction being determined by the diffusion mobility. Their
properties can be conveniently studied by pulse radiolysis with fast
optical recording,18"22 which makes it possible to determine the
positions of optical absorption bands and the extinction coeffi-
cients and to measure the rate constants for the reactions of these
ions with short-lived species such as hydra ted electron (e~), the
CO'2~ radical anion, the HO" radical, and the O" ~ radical anion in
aqueous solutions. Based on the characteristics of the optical
spectra recorded in the initial stages of chemical transformations
over various time intervals (up to 10~4 s), the formation of
monosubstituted hydroxo- and chloride complexes of IB-IVB
Group metals in UOS and in a 2S\/2 electronic state was
established, and the instability constants for these complexes
were determined; these constants were found to vary monoton-
ically in the series of isoelectronic ions in UOS as a function of the
position of the metal in the Periodic Table.

When low-temperature glasses are defrosted, the ions in UOS
disappear irreversibly due to the intensification of the diffusion of
cations and anions in the matrix. This is why the authors cited
above did not answer the question of how hydrogen-like ions with
the d "Is1 electron configuration form stable chemical compounds.
However, the results of studies on the influence of the ligand
environment on the properties of metal ions in UOS suggest the
possibility of preparing solid glasses in which metal ions in UOS
will be stable over periods of time from microseconds to months
and even longer. The physicochemical parameters of these glasses
should vary as functions of the properties of the stabilised ion.

2. Stabilisation of metals in unusual oxidation states in oxide
glasses
As noted above, ions in UOS can exist over extended periods in
low-temperature glasses at 77 K. However, it is obvious that these
frozen aqueous solutions containing ions in UOS are of no
practical interest, since the unusual properties imparted to them
by metals in UOS disappear irreversibly when the temperature is
slightly raised. Therefore, the logical pathway to the development
of new materials with new unusual properties caused by the
presence of ions in UOS is the preparation of solid-state materials
based on 'true' molten glasses, which are capable of stabilising
these species in their matrices.

In fact, the absence of symmetry in their structure and their
isotropic properties make glasses identical to liquids, whereas the
elasticity of shape makes glasses similar to solids. A glass is
considered to be a true solution in which a relationship exists
between the composition, the structure, and the properties. At
present, articles of glass and glassy materials are used in virtually
all branches of industry.23 Therefore, to confer on these objects
new properties specified beforehand is a significant and urgent
problem.

In recent years, investigations of glassy media have been
vigorously pursued, although the background for these studies
was laid long ago by D I Mendeleev,24 who suggested the
polymeric concept of the structure of glass, and by Lebedev and

Zakhariasen,25- 26 who developed the ideas of microheterogeneity
and network structure of glass. Even now these works stimulate
studies aimed at controlling the properties of glasses both by
varying the structure of glass with a particular elemental composi-
tion27 and by introducing ions to modify its properties.28 The
modifying ions can alter the properties of a glass both during its
synthesis (glass melting) and when a finished (solid) glass is
exposed to a certain influence (heat, light, radiation).29- 30 Oxide
glasses have found the widest practical application.

Oxide glasses can be divided conventionally into four main
classes (according to the main glass-forming compound), namely,
borate, silicate, germanate, and phosphate glasses. These groups
of glasses differ in microstructure and, consequently, their
physicochemical properties are also dissimilar. The introduction
of modifying ions into these glasses extends considerably the range
of existing properties.31 Stabilisation of these ions in a glass matrix
is associated with redistribution of the electron density of the
ligands surrounding the ions and with local variations of the glass
structure.

Since the 1970s, studies have been carried out dealing with
chemically active species generated by various kinds of treatment
and stabilised in glassy matrices as colour centres (CC), para-
magnetic centres (PMC), and luminescence centres.27"31 The
physicochemical properties of these centres have been studied by
stationary and pulse methods.27"31 However, all the information
obtained at that time referred to the matrix centres of the main
classes of glasses. The studies were concerned with the optical and
kinetic properties of these centres, i.e., they reduced to utilitarian
investigation of the radiation sensitivity of glasses by a trial-and-
error method. This approach did not conform completely to the
modern state of development of the physical chemistry of the
glassy state. Therefore, systematic studies are needed that would
take into account the properties of elements incorporated in
glasses, depending on their position in the Periodic Table.

Apparently, glasses capable of stabilising the modifying ions
as well as ions in UOS should contain a wide range of valence
states of atoms and ions, which would permit the glassy system to
reach an equilibrium after the introduction of ions in metastable
states. Borate, silicate, germanate, and phosphate glasses have
been studied.32"47 Particular attention was focused on three-
component alkali glasses: lithium, sodium, and potassium
borate, germanate, phosphate, and silicate glasses as well as on
the barium aluminophosphate glasses (BAPG). The content of
metal oxide in these glasses varied from 3 to 30 mol%. Other
glass-forming systems have also been studied; they are mentioned
below.

As a rule, after irradiation at 77 and at 300 K, the systems
under study containing admixtures of metal oxides exhibited EPR
signals and optical absorption bands (AB) differing from those
typical of the known electron and hole sites in borate, silicate, and
germanate glasses and also from those exhibited by POj" and
PO2." radical anions in the phosphate glasses.32"43 The intensity
of these additional EPR signals and of the absorption bands
depends on the amount of the oxide introduced, on the ratio of all
the glass components, and on the method used for the synthesis of
the glass.

For glasses containing cadmium, mercury, gallium, thallium,
and lead oxides, it has been found that the increase in the intensity
of the additional EPR signals in the magnetic field region
corresponding to the g-factor for the free electron (ge) is
accompanied by an increase in the intensity of the high-field
(450-700 mT) EPR signals. The latter signals are due to the
hyperfine coupling of the electron spins in the outer ns-AO with
the J =£ 0 nuclear spins of the odd isotopes of the metals added.36

The ratio of the normalised surface of the high-field signals to the
surface of the signals in the ge region corresponds to the ratio of
the percentage of metal isotopes with J = j or | to the percentage
of isotopes with / = 0. This indicates that the additional EPR
signals in question are associated with the metals introduced and
proves unambiguously that these signals refer to UOS of metals in
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the 2Si /2 electronic state, namely, Cd1 + , Hg1 + , Ga2 + , Tl2 + , Sn3+ ,
and Pb3 + . The spectral parameters for these species are listed in
Table 2.

In the case of glasses containing zinc, antimony, and german-
ium oxides (for odd isotopes of these metals, J = \ , \ and §,
respectively), additional signals typical of Zn1 + , Ge 3 + , and Sb4 + ,
have also been detected in the EPR spectra after y-irradiation. The
parameters of these signals are also presented in Table 2. All the
above metals in UOS in a phosphate matrix exhibit symmetrical
EPR lines, the difference between the widths of the high-field and
low-field signals being smaller than that in the case of borate,
germanate, and silicate glasses.37-38 This suggests that in phos-
phate glasses the ligand environment of the metal ions in UOS is
more symmetrical than in other glasses.

Studies 32~36 of the optical characteristics of glasses irradiated
at 77 and 300 K have shown that, in addition to the well known
AB corresponding to the 'matrix' colour centres, additional AB
are observed due to the introduction of various metal oxides. For
example, it has been shown that on -/-irradiation of sodium borate
glasses, the intensity of the absorption bands that appear after the
introduction of metal oxides increases in parallel with the
concentration of the oxides, whereas the intensities of the
absorption bands with X = 350 and 500 nm associated with
BO4- decrease correspondingly, until these bands disappear
completely.33 The spectra of borate glasses containing Zn, Cd,
Ga, and Pb oxides and irradiated at 300 K, apart from the AB
caused by BO*", contain broad absorption bands possessing a

Table 2. Characteristics of ions in unusual oxidation states in the glasses: 20% of Li2O(Na2O, K2O)-70% of B2O3(GeO2, SiO2, P2O5)- 10% of M.VO,,
(M.VO, — metal oxide).

Ion in UOS Glassb g-factor (o) /Uax/nm Ion in UOS Glassb g-factor AJA (o) -Imax/ nm

ZnH

(f)

Ga24

CdH

G)

Sn34

(i)

Sb4+

(I)

LBG
SBG
SSG
BAPG

LBG
SBG
KBG
SSG
LSG
LPG

LBG
SBG

LSG
LPG

LBG
SBG

PBG
LGG
SGG
PGG
LSG
SSG
PSG
LPG
SPG
BAPG

LBG
PBG
LGG
SGG
PGG
LSG

SBG

SGG
SSG

1.998
1.998
1.988

1.996
1.997

1.996

1.999
1.998

1.996
2.01
2.01
2.01
1.995
1.993
1.989

1.995
1.989
1.993
1.992
1.992
1.989

1.950
2.050

0.66

0.36
0.50

0.22
0.29
0.55

0.31
0.33

0.78
0.75

0.81
0.86

0.88
0.839
0.835
0.830
0.68
0.59
0.54
0.86
0.76
0.80

0.56
0.58
0.36
0.39
0.38

0.029

0.053

310, 550
320
510

380,470

256
500

300
300
(310)
275
290

330,440
(375,480)

400

320,420

520

290

460, 500
(380, 520)
380
290

Sb4

(I)

Hg'

(i)

Tl2

G)

Pb3

G)

LPG
SPG
PPG
BAPG

LBG
SBG
SGG
BAPG
LBG
SBG

PBG
LGG
SGG
PGG

2.00
1.998

2.00

LSG

SSG

PSG
SPG
BAPG

LBG
SBG

PBG

LGG
SGG
PGS
LSG
SSG
PSG

LPG

SPG
PPG
BAPG

1.995

1.996
1.992
1.992
1.985
1.988
1.993

0.028
0.023
0.038
0.025

0.79
0.92

0.83
0.650
0.653

0.60
0.52
0.54
0.536

0.26

0.29

0.41
0.50
0.56

0.46
0.47

0.44

0.36
0.41
0.39
0.37
0.39
0.41

0.49

0.46
0.50
0.41

350
505

420, 500

640, 740

413

357, 610,
714
357, 633,
730

340, 625,
750, 1100

325, 500
(340, 530)

465

330, 440

330, 410,
730

750, 900
760, 900

" The value of the nuclear spin of the odd isotope is given in parentheses. b Notation: LBG, SBG, and PBG — lithium, sodium, and potassium borate
glasses, respectively; LSG, SSG, and PSG — lithium, sodium, and potassium silicate glasses; LGG, SGG, and PGG — lithium, sodium, and potassium
germanate glasses; LPG, SPG, and PPG — lithium, sodium and potassium phosphate glasses; BAPG — barium aluminophosphate glasses.
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low-intensity 'satellite' peak. These AB can be assigned to the
Zn1 + , Cd1 + , Ga 2 + , and P b 3 + ions as follows:

Ion CdH Ga24 Pb34

x/ran 310
550

330

440

380
470

325
500

The presence of the 'satellite' line indicates that the energy levels
responsible for the optical transition are split due to the asym-
metrical environment of the ions in sodium borate glasses. This is
consistent with the EPR spectroscopic data, namely, with the
anisotropy observed for the g-factor of the EPR signals corre-
sponding to the ions in UOS in the region gc = 2.0023.

The absorption spectra recorded at 77 K for ions in UOS in
sodium borate glasses irradiated at 77 K are shifted to the long-
wavelength region with respect to the spectra recorded at 300 K.
For example, the following AB are observed for the Cd1 + , Pd3 + ,
Ge3 + , and Sb4 + ions at 77 K:

Ion Cd1H Pb34 Sb44

x/nm 375
480

340
530

310 380
520

The EPR spectra exhibit additional signals due to these ions, the
signals corresponding to BO4~ being virtually absent.33'34

The absorption spectra of sodium borate glasses containing
thallium oxide, measured after y-irradiation at 300 K, exhibit AB
with maxima at 420,500,640, and 740 nm. The intensity of the AB
with a maximum at 420 nm varies in parallel with that of the
20 mT-wide EPR signal observed in the region of 580 mT and
corresponding to Tl2+ ions.33 '34 In addition, this is the only band
that undergoes temperature displacement (at 77 K, the maximum
absorption is observed at 430 nm); therefore it is assigned to the
Tl2+ ion.

Of special note is the observation36 that, in the
Tl 2O-Na 2O-SiO 2 (Tl2O-Na2O-B2O3-SiO2) and PbO-
Na2O-SiO2 (PbO-Na2O-B2O3-SiO2) systems, there is no
correlation between the increase in the intensity of some addi-
tional AB and the increase in the intensity of the EPR signals
corresponding to Tl2 + and Pb3 + ions. This may be due to the fact
that during the synthesis of these glasses under specific redox
conditions, metallic clusters of the Pb^+ and Tl̂ 1" type (where «,
m = 1, 2, 3 ...) are formed. These clusters capture the electrons
knocked out by y-irradiation and thus give additional AB.
Clusters of this type are also formed during the post-radiation
annealing of glasses, when the following processes occur:
T1'++T12 + —»*T^+; T1^++T10—*T1^+ , etc. In place of
thallium ions, these reactions can involve cadmium, lead,
bismuth, and other ions. The cluster formation is induced by
metal ions in UOS.

In the case of other kinds of glasses, it has also been found that
the additional AB arise in parallel with the EPR signals
corresponding to the UOS of metals. One intense bell-shaped
AB is typical of glasses containing zinc, gallium, germanium,
indium, tin, and antimony oxides, whereas in the case of glasses
with cadmium, mercury, thallium, lead, and bismuth oxides, two
or more optical absorption bands are recorded. The parameters of
these bands are presented in Table 2.

It should be noted that for identical matrices with equal
contents of oxides of Group IB-VB metals, the energy of the
optical transitions E;m (the energy of the optical transition at the
maximum Amax of the optical absorption band corresponding to
the metal in UOS was taken as Exma) and the electron density in
the ns-AO (which is characterised by the AJA^ ratio) in the
isoelectronic series Cd ' + - In2 + - Sn3 + - Sb4 + and Hg ' + - Tl2 + -
Pb3 + -B i 4 + have been found to decrease with an increase in the
formal oxidation number Z. An exception is provided by the
Zn1 + - G a 2 + -Ge34" series, for which the reverse correlation has
been established in lithium, sodium, and potassium phosphate
glasses, i.e. the E;,mM and A-JA-° values increase with an increase in

1.0

0.5

1 2 3 4 Z

Figure 1. Dependence of the electron density in ns-AO (light circles) and
of the energies of optical transitions at Amax (dark circles) on Z for ions in
UOS in barium aluminophosphate glasses (continuous line) and in lithium
phosphate glasses (dot-and-dash line). (/) Hg1 + , (2) Cd1 + , (3) Ga2 + ,
(4) Tl2 + , (5) Ge3 + , (6) Sn3 + , (7) Pb3 + , (8) Sb 4 + .

Z (Fig. 1). These results indicate both that the physicochemical
properties of metals in UOS vary regularly as a function of their
positions in the Periodic Table and that there is a possibility of
controlling the course of the above dependences by changing the
glass matrix, for example, by replacing one glass-forming oxide by
another (SiO2 by P2O5).32-36

The spectral characteristics of metal ions in UOS also depend
on the alkali metal cation incorporated in the glass. In other
words, for glasses of the same class with equal percentages of
oxides, the parameters of metal ions in UOS change when the
alkali metal oxide present is replaced by another one. It is seen
from Table 2 that the A-JA-° ratios and other parameters for the
same ions in UOS incorporated in glasses, containing equal
proportions of oxides but different cations (Li + , Na + , K + ) , are
distinct. However, there is no general well-defined rule for the
variation of the properties of metals in UOS in the series of alkali
metal cations (Li + , Na + , and K + ) .

When the temperature of the irradiation changes from 77 to
300 K, the absorption bands corresponding to metal ions in UOS
in all matrices undergo a hypsochromic shift, the magnitude of
which depends on the alkali metal cation introduced into the glass.
It has been found that the more stable the metal ion in UOS, the
greater this shift. Thus, the framework of alkali metal cations
participates in the stabilisation of UOS. It can be suggested that
the alkali metal cations participate in the rearrangement of the
ligand environment of the metal during stabilisation of its UOS.
This conclusion has also been confirmed by EPR data. The
magnitude of the shift of the high-field component of the EPR
spectrum, occurring when the irradiation temperature changes
from 77 to 300 K, depends on the nature of the alkali metal cation.
The nature of the alkali metal cation also influences the magnitude
of the g-factor and the width of lines in high and low fields (the
corresponding ge).

It has been noted 32~38 that by choosing appropriately the
composition of glasses, one can achieve stabilisation of metal ions
in UOS at 300 K for a period of a month or even longer; in other
words, stable compounds of metals in UOS can be obtained in
glasses. By varying the elemental composition of a glass or by
creating particular redox conditions during its synthesis, one can
enhance or reduce the ability of the glass to stabilise or destabilise
UOS of metals, colour centres (CC), and paramagnetic centres
(PMC).

The kinetic curves for the thermal annealing of ions in UOS
have a stepped shape for all types of glasses and are linearised in
the coordinates n/n0 against lg (/ /to) at a fixed temperature [here n
and no are the concentrations of ions in UOS at current (t) and
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initial (to) instants of time, respectively]. The kinetic curves for
photoannealing can also be linearised in the coordinates, n/rto
against lg(//fo) and depend both on the intensity and on the
spectral composition of the incident light.37-38 The above charac-
teristic features imply that there is a discrete set of activation
energy values for these processes and that there exist sites for the
stabilisation of metals in UOS, which are nonequivalent in their
energy and structural parameters.

For glasses of the same composition synthesised under
identical conditions but containing various metal oxides, the
rates of the thermal annealing or photoannealing of PMC and
CC (carried out at the same temperature or with light of the same
spectral composition) are different. This refers both to the matrix
PMC and CC (PO2", PO2", BO4.", >SiO\ 5GeO\ SiO2") and to
metals in UOS in all the glasses considered above. If we assume
that the rate (the efficiency) of the photodestruction of metals in
UOS is proportional to the tangent of the slope £ of the curve
describing the kinetics of the destruction in the coordinates
mentioned above, then the following rule is fulfilled: in the
isoelectronic series of ions C d 1 + - S n 3 + - S b 4 + and Hg1 + -
Tl2+ - P b 3 + - B i 4 + , the efficiency of the thermo- (&) and photo-
(£ph) destruction decreases as the oxidation number of ions
increases (Figs 2 and 3). In the case of the Zn1 + - G a 2 + series of
ions, the order of this correlation differs depending of the type of
glass. For example, the efficiency of photodestruction of these
ions in phosphate glasses varies in the reverse order.

0.4

0.2

ZnO

Figure 2. Dependence of £, on Z in lithium borate glasses for ions in
UOS (light circles) and for BO4~ ions (dark circles). All the glasses contain
10 mol % of the metal oxide, which gives rise to the ions in UOS.

The efficiency of the destruction of matrix PMC and CC in
glasses with various oxides in the presence of various metals in
UOS also depends linearly on Z. However, the course of these
dependences can be opposite to the analogous dependence for the
UOS. It is seen from Fig. 2 that in the Zn1 + - G a 2 + - G e 3 + series,
the <ft value for the cations in UOS increases with an increase in Z,
while this value for the matrix BO4" centre decreases. Thus, the <jjt
and £ph values for the matrix centres PO4", PO2~, BO4.", 5SiO\
and >GeO' are influenced by the nature of the modifying metal
introduced into the glass. The strength of this influence depends
both on the position of this metal in the periodic system of
elements and on its state in the glass, namely, whether the metal
exists as a modifying cation or is incorporated into the glass-
forming network.

Certainly, the structural features of the glass matrix have an
influence on the course of the A\-Z and E^ - Z dependences and
determine the photo and thermal stability of ion ensembles.

0.6

0.4

HgO

1

Figure 3. Dependence of £Ph on Z for ions in UOS (light circles) and for
PO4~ ions (dark circles) in barium aluminophosphate glasses, containing
10 mol % of the metal oxide, which gives rise to the ions in UOS.

In fact, ions in UOS can be formed both in reactions with
thermalised electrons (2) or in reactions with hole sites (3)

M<z-'>++D4
(3)

The Zn1 + , Cd1 + , Hg1 + , Ga2 + , In2 + , Tl2 + , Ge3 + , Sn3 + , Pb3 + ,
Sb4 + , and Bi4+ ions are formed via reaction (2), and only the
Tl2 + , Sn3 + , Pb3 + , Sb4 + , and Bi4+ ions are formed via reaction
(3). Both reactions can occur simultaneously in the same glass if it
contains pairs of ions, for example, S n 2 + - S n 4 + , T11 + -T1 3 + ,
P b 2 + - P b 4 + , S b 3 + - S b 5 + , o r B i 3 + - B i 5 + .

These suggestions have been confirmed in a study of the
kinetic behaviour of ions in UOS at various stages of formation
and destruction, carried out by pulse radiolysis with optical
recording. Such studies were reported for the first time by
Aleksandrov et al.45~47 The measurements were carried out
using a setup with optical recording, designed based on a
'U-12F' accelerator and operating on the microsecond time scale
(t = 2.3 us, E = 5 MeV, / = 0.2 A).7-8 The radiation colour
centres (RCC) arising due to a pulse of accelerated electrons
were annealed in the light beam of a DKSSh-150 xenon lamp
focused to a diameter of 3 mm. The absorption spectra were
recorded within intervals from 2 us to several minutes. The
amount of metal oxides added ranged from 1 to 10mol%.
Simultaneously, optical characteristics of glasses of the same
composition exposed to y-irradiation at 77 and 300 K were
measured.

In the case of pulse irradiation of sodium borate glasses with
various metal oxides added, rapidly diminishing absorption was
detected, the Amax of which lay at 360 and 520 nm (without metal
oxides), 350 nm (with ZnO added), 380 and 440 nm (CdO), 390
and 440 nm (Ga2O3), 430, 500, 550,620, and 750 nm (T12O3), 360
and 430 nm (PbO), and 460 and 500 nm (Sb2O3). The Amax values
of the absorption bands corresponding to ions in a 2Si/2 electronic
state observed immediately after a pulse of fast electrons differ
only slightly from those obtained in the case of y-radiolysis at 77 K
(see Table 2 and the data given in the text). However, 140-200 us
after the pulse, the absorption maxima start to shift toward the
position at which they are observed in the case where the
irradiation is carried out at 300 K. Since the EPR parameters
(g-factors, A\, intensities of EPR lines) of ions in a 2S\/2 electronic
state at 77 K and at 300 K are different,33-34 it is obvious that the
changes in the optical spectra following the temperature rise or the
photoannealing are due not only to the variation of the geometry
of the nearest atom environment but also to the disappearance of
some of the least photo- and thermostable ions in UOS. In fact, at
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77 K the overall spectrum is recorded, whereas the spectrum
obtained at 300 K corresponds only to those ions which are
stable at this temperature.

The diminution of the absorption in glasses of the same
composition corresponds to a linear dependence of D/DQ on
lg ('/ 'o) (D and Do are optical densities at times t and fo,
respectively, to = 1 us). The kinetics of the destruction of an
individual ion in a glass of a particular composition depend on
the intensity of the light acting on the sample. When ions in a 25i/2
electronic state are photoannealed with unfiltered light within a
broad time interval (from microseconds to minutes), the slope of
the straight lines depends on the nature of the metal ion. The
tangent of the slope £Ph characterises the efficiency of the
photoannealing of a particular ion in an UOS. The higher the
intensity of light, the more efficient the photoannealing. This
follows from the dependences obtained with the light beam
attenuated by 55% with a reticulated filter. Experiments on the
photoannealing also confirm the fact that only ions in a 2Si/2
electronic state, rather than cluster groups incorporating these
ions, are formed in the glasses under consideration containing
zinc, cadmium, gallium, germanium, and antimony oxides,
because under various conditions of light treatment, all the
optical absorption bands assigned to these ions disappear in
parallel.

In glasses containing lead oxide, two types of species with
dissimilar kinetic parameters exist, which account for the AB with
/Lax = 360 and 430 nm, whereas glasses with thallium oxide
contain at least three types of species, which absorb light at 430,
500 and 550, and 620 and 750 nm, respectively. Evidently, all the
CC in these glasses belong to ions and clusters of thallium and are
destroyed in parallel by the influence of light.

The energies of optical transitions at the maxima of the
AB (EkmJ for the ions in a 2Sl/2 electronic state (Ag°, Cd1 + ,
Ga2 + , f l 2 + , Ge3 + , Pb3 + , and Sb4+), obtained on exposure to
pulse radiation, depend on both the oxidation number Z of the
metal and its position in the Periodic Table. In the isoelectronic
series Zn1 + - G a 2 + , Cd1 + - S b 4 + , and T l 2 + - P b 3 + , the E^
values decrease as Z increases. A similar correlation has also
been observed for the efficiency of the photoannealing of the
above ions with unfiltered light. This is in agreement with the
dependences found previously for the optical parameters and for
the density of the unpaired electron in the outer ns-AO for ions in
UOS in isoelectronic series.33'34

The method of pulse radiolysis has also been used to study the
fast processes occurring in sodium silicate glasses (SSG), contain-
ing 10 mol % of Zn, Cd, In, Ga, Ge, Sn, Pb, and Sb oxides,
exposed to ionising radiation.47 It was found that in these glasses,
apart from the known AB (with maxima at 460, 580, and 620 nm)
typical of glasses containing no metal oxides,48 additional AB
corresponding to the long-lived products of radiolysis arise after
irradiation. Simultaneously, the absorption bands associated with
the sodium silicate matrix disappear. For example, for glasses with
zinc, cadmium, gallium, germanium, tin, indium, and antimony
oxides irradiated with a pulse of accelerated electrons at 300 K, the
following absorption bands were observed:

Oxides Zn Cd Ga Ge In Sn Sb

ix/nm 370 390
460

375
435

430 360 470 480
490

The intensity of these bands depends on the concentration of the
metal oxide added. The positions o?*he AB maxima correspond-
ing to the products of the pulse radiolysis are in good agreement
with the Amax values of the AB obtained by y-radiolysis at 77 K of
the SSG containing the same compounds.36 The absorption
spectra of glasses containing cadmium, gallium, indium, and
lead oxides recorded immediately after a pulse of accelerated

electrons are broad AB accompanied by satellite lines of low
intensity. Since no other AB arise upon irradiation of glasses with
the above metal oxides, and the intensities of the main and the
satellite lines vary in parallel, these AB can be attributed to the
Zn1 + , Cd1 + , Ga2 + , In2 + , Pb3 + , Sn3 + , and Sb4 + ions in the 2Si /2

electronic state. The presence of the satellite line indicates that the
energy levels responsible for the optical transition are split due to
the asymmetrical environment of the ions in UOS.

The kinetic curves for the photodestruction of the Zn1 + ,
Cd1 + , and Pb3 + ions are similar in appearance: they have no
inflection points. The kinetic curves for the SSG with gallium,
germanium, tin, and antimony oxides contain two sections,
namely, a section where the absorption falls quickly (up to
100 us) and a section where it diminishes slowly (up to several
minutes). This implies that there are two pathways to the
disappearance of the Ga 2 + , Ge3 + , Sn3 + , and Sb4+ ions. In the
case of indium, the kinetic curve for the diminution of the
absorption in the coordinates mentioned above has a flat section
'" i to 0.1 s), which is followed by a steeper section. Thus, in terms
c destruction kinetics, metal ions can be divided into three main
groups: the first group includes Cd1 + , Zn1 + , and Pb3 + ions, the
second group consists of Ga2 + , Ge3 + , Sn3 + , and Sb4+ ions, and
In2+ belongs to the third group. Evidently, the difference between
the kinetic behaviour of the ions is due to the specific structural
features of the glass matrix that arise during the synthesis of
glasses containing the corresponding metal oxides.

In fact, cadmium, zinc, and lead oxides are capable of being
incorporated into the glass network formed by the main oxide,
which constitutes the glass structure. Gallium, germanium, tin,
and antimony oxides exhibit dual properties: they can act both as
modifying compounds and as glass-forming compounds. A part
of the ensemble corresponding to the modifying ions is responsible
for the fast-diminution section on the kinetic curves. Indium
oxides act as modifying ions existing both as free ions and as
ions linked to bridging and nonbridging oxygen atoms. Under
certain conditions the modifiers of the former type are fairly free
to move in the matrix and react with the electrons knocked out of
the glass matrix, similarly to ions in solution. This accounts for the
fact that the kinetic curve for the photodestruction of In2 + ions
consists of two components, one of which (for the free modifying
ions) obeys formally second-order kinetics, i.e. it is linearised in
the l/D — t coordinates, and is most clear-cut for periods of time of
the order of seconds. The other component follows the normal
disappearance kinetics typical of solids, which has been observed
for other ions (the initial more gently sloping section of the curve).
Thus it is obvious that in the initial stage, the In2 + ions connected
to the glass network through oxygen atoms predominantly
disappear, and then the free modifying In2+ ions are destroyed.
These ions vanish completely, i.e. the glass is completely
'photobleached' over a period of several seconds. This has also
been observed for Zn1 + and Tl2+ ions in sodium borate glasses.46

The pulse radiolysis studies also permitted the following
characteristic features to be elucidated. The course of the depend-
ences of £^mai and <Jph on Z coincides with the course of the kinetic
curves for the destruction of the Z n ' + , Cd ' + , Ga2 + , In2 + , Ge3 + ,
Sn3 + , Pb3 + , and Sb4+ ions, plotted as D/Do - lg (t / /0) coordi-
nates and obtained for the 'steady-state' variant in the analysis of
the gently sloping sections. In contrast, the initial (steep) sections
of the curves for the destruction of the Ga2 + , Ge3 + , Sn3 + , and
Sb4+ ions show an inverted profile (Fig. 4). This fact is of
fundamental importance, since it thus becomes obvious that
there are several structurally different sites for the stabilisation
of the same ion in an unusual oxidation state. However, despite
the above distinctions, the general rule of the regular variation of
physicochemical properties of ions in UOS as functions of the
positions of these elements in the Periodic Table is retained.
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Figure 4. Dependence of £;^aj (continuous line) and of £Ph on the steep
(dashed line) and gently sloping (dot-and-dash line) sections of the kinetic
curves for the destruction of metal ions in UOS on the oxidation number Z
in sodium silicate glasses.

3. Formation of unusual oxidation states of transition metals
Ti, Ni, Mo, W, and Nb
When glasses containing transition metal oxides are exposed to
radiation, ions in UOS are also formed. For example, Ni1 + ions
have been detected in BAPG with nickel oxide. The EPR param-
eters of these ions depend substantially on the composition of the
glass. When 10 mol % of nickel oxide is added, an EPR signal with
triaxial anisotropy is observed, g\ = 2.355, g2 = 2.229, and
gi = 2.074, and when the oxide concentration is increased to
30 mol %, a broad singlet withgaver = 2.327 arises.

In alkali glasses and in BAPG, Ti3 + , Nb 4 + , Mo5 + , and W5 +

ions exhibiting characteristic EPR spectra have been detected
following y-irradiation at 77 K. For example, the Ti3 + ion in SPG
is characterised by a line with biaxial anisotropy with g± = 1.876
and g|| = 1.991. In alkali phosphate glasses with high concentra-
tions of tungsten oxide (more than 35 mol %), an EPR signal with
gaver = 2.018 and a line width AH of 2.25 mT arises. This signal
differs from the known signals typical of W5 + (g± = 1.81 and
g|l = 1-66).

In the case of LPG, SPG, and PPG (lithium, sodium, and
potassium phosphate glasses) containing niobium oxide (M^Os
concentration not exceeding 20 mol %), the formation of niobium
ions in UOS has been observed after y-irradiation at 77 and 300 K.
In fact, in addition to the doublet signals corresponding to the
PO4- radical anion, the EPR spectrum exhibited ten main lines
extending by 252 mT, the distance between them being 28 mT.
Since only Nb possesses a nuclear spin of | , this spectrum
consisting of ten lines is unambiguously associated with the
Nb 4 + ion, for which g± = 1.91, g$ = 1.88, A± = 28.0,
/4|| = 13.0 mT, and AJA^ = 0.12. Apart from the signal due to
Nb 4 + , a 19.0 mT-wide singlet with gavcr = 2.017 arises in these
glasses, when the concentration of NbjOs exceeds 20 mol %. As
this signal appears, the signal due to Nb4 + disappears. The new
signal has been attributed to a hole site.32

In view of the fact that the spectra of glasses with large
amounts of WO3, MOO3, and Nb2Os contain broad singlets, one
may assume that an increase in the concentration of the oxides
and, consequently, in the intensity of the EPR signals associated
with the corresponding ions leads to the appearance of isotropic
exchange interaction. Blurring of the HFS resulting in the
appearance of broad lines (100.0 and 140.0 mT, respectively) has
also been observed in glasses containing manganese oxides with an
increase in the oxide concentration. In the EPR spectra of glasses
with iron oxide a set of lines is recorded, the intensities of which
depend on the redox conditions of the synthesis.

Short-lived radiation-induced defects have been studied by
pulse radiolysis in the M2O-P2Os-Nb2O5 glass systems
(M = Na, K, Li) that exhibited no initial ('glass melting')
absorption bands.39 At low concentrations of IS^Os, an AB
with im a x = 500 nm, typical of PO2", was observed. With an
increase in the concentration of Nb2Os the intensity of the
absorption band corresponding to the PO2" ion decreased, and
an AB with Amax = 650 nm appeared instead, its intensity
increasing with increase in the concentration of Nl^Os. The
lifetime of this AB, which was assigned to Nb 4 + , is tens of
microseconds at 300 K.

The Na2O-SiO2-CeO2 (Eu2O3) glasses have been studied.40

The spectra of these glasses exhibit at least two broad AB in the
region of 500-700 nm. The kinetic parameters of the species
responsible for these AB are influenced by the Na2O/SiO2 ratio
and by the amount of the oxides CeO2 and EU2O3 added.

Thus, the studies of alkali glasses of four main classes
described above permit the following conclusions to be made:

- the properties of ions in UOS vary regularly with the
position of the element in the Periodic Table;

- the order of these dependences can be controlled by varying
the ligand environment;

- formation of metal clusters in glasses is possible and is
initiated by metal ions in UOS;

- the UOS of metals influence regularly the photo- and
thermal stability of the matrix CC and PMC in glasses, the
kinetic curves for the photoannealing and thermoannealing
being linearised in the njno — lg (/ / to) coordinates;

- the possibility of the long-term stabilisation of UOS of
metals in alkali glasses was established, and the influence on it of
the cationic framework was found.

All the above properties depend on the elemental composition
of glasses and on the redox conditions of their synthesis.
Evidently, it is these factors that are favourable for the stabilisa-
tion of the UOS and for the appearance of certain integral
properties against the background of the topological disordering
of the spatial structure of glass. Thus, the following causal
relationship arises: composition-synthesis-structure-stabilisa-
tion or destabilisation of the UOS of a metal. From this it follows
that by choosing the composition of a glass and the method for its
synthesis under appropriate redox conditions one may impart
desired properties to the glass by means of ions in UOS or by
means of other species that arise with their participation.

4. Oxide glasses containing no alkali metals
We have considered above the processes of stabilisation of ions in
UOS in glasses of four main classes (borate, silicate, germanate,
and phosphate glasses) containing alkali metal cations. The role of
alkali metal cations in the stabilisation of transition metal ions in
UOS has been repeatedly emphasised. However, the role of the
ligand environment, i.e. of the oxygen-containing network formed
in the glass during its synthesis, has not been considered
separately. The structure of the glass network is known to
depend on the redox conditions under which it has been formed.
These conditions account for a wide range of various matrix
defects in a glass and ensure the formation of various types of
coordination of ions in the glass network. These effects are most
clear-cut in borate glasses in which boron can exist both in
tricoordinated and tetracoordinated states.23

Studies carried out with CdO-B2O3, CdO-SiO2 , and
CdO-B2O3-SiO2 glasses42-49-50 have shown that, if the syn-
thesis is carried out under reducing conditions, the proportion of
tricoordinated boron increases. This was found by comparison of
the intensities of IR absorption bands at 1500 -1150 cm ~ ' and at
1100-800cm~' corresponding to BO2~ and BO4.", respectively.
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In addition, glasses obtained under these conditions exhibit a
photochromic effect, which becomes more pronounced as the
proportion of tricoordinated boron atoms increases.49'50

It has been shown by EPR42 that following the photo- and
y-irradiation of cadmium-containing glasses, Cd1 + ions are
formed, and it is these ions that account for the colour of the
glasses. The maximum optical absorption of the Cd1+ ion is
observed at 400-420 nm for both types of treatment, but the
concentration of the Cd1 + ions arising upon y-irradiation is
higher than that arising upon UV irradiation by 1 - 2 orders of
magnitude.42 It is therefore obvious that any ion in an UOS can
also be stabilised in the absence of alkali metal cations. Fig. 5
shows the plots for the accumulation of the hole (BO*") and
electron (Cd1 + ) sites in glasses exposed to equal doses of
y-radiation but synthesised under different conditions, namely,
under normal and reducing conditions. The accumulation of hole
sites in these glasses occurs similarly, whereas the accumulation of
the electron sites depends essentially on the conditions of the
synthesis. The amount of Cd1 + formed in the glasses synthesised
under reducing conditions is several times greater than that
formed in glasses synthesised under normal conditions.
Apparently, the synthesis of glasses under oxygen-deficient
conditions leads to greater instability of the system, to the rupture
of chemical bonds, and to the displacement of the Cd1 + ions to the
cationic part of the glass network.

Ar/1019cm-3

1.5 -

40 50 60 [CdO](mol%)

Figure 5. Accumulation of paramagnetic centres in cadmium borate
glasses synthesised under normal (/, 2) and reducing (/', 2') conditions:
(1, ; ' ) 4

Bismuth-containing glasses are also fairly sensitive to the
conditions of the synthesis and are readily reduced as far as the
liberation of metallic bismuth. By introducing transition metal
oxides into these glasses, one may influence the occurrence of
redox processes even during glass melting. This effect of added
compounds is due to their influence on the glass structure. Data on
the structure of bismuth borate glasses as well as on the influence
of transition metal oxides on their structure are scarce, whereas
data on the stabilisation of ions in UOS in these glasses are totally
lacking. This problem has been investigated in relation to glasses
melted on the basis of the ZnO-Bi2O3-B2O3 system and to the
same glasses containing added tungsten oxide.51

An IR-spectroscopic study of bismuth-containing glasses
showed that the initial glass exhibits AB in the region of
1300 -1400 cm ~' and a band at 1250 cm ~ ' corresponding to the
stretching vibrations in the B 3 + - O - B 3 + and B 3 + - O - B 4 +

groups, respectively, and a weak band in the range

900-1000 cm""1 associated with the vibrations in the
B 4 + - O - B 4 + group. The EPR spectrum of the initial glass,
containing no additives, recorded after y-irradiation is a broad
singlet with a ^-factor of 2.022 (AH = 3.3 mT) due to Bi4+ ions,
which can result both from localisation of electrons by Bi5+ ions
and from capture of holes by Bi3+ ions. The strong broadening of
the signal and the absence of a hyperfine structure in Bi (the
nuclear spin / o f Bi is | ) suggest that bismuth exists in the glass as
clusters, because under oxygen deficiency, a Bi —Bi bond is
formed.

The introduction of tungsten oxide into bismuth-containing
glasses leads to the appearance of an AB at 870 cm ~ ' in its IR
spectrum, corresponding to the stretching vibrations of tungsten
in the WC>6 octahedra. The intensity of this band increases with an
increase in the content of tungsten oxide in the glass. The EPR
spectra of these glasses contain an additional anisotropic line with
gWer = 1.607 (AH = 46 mT) corresponding to the W 5 + ions and
caused by the localisation of electrons at W6 + ions. The intensity
of the signal due to Bi4+ simultaneously decreases. The relation-
ship between the intensities of lines of Bi4+ and W 5 + suggests that
the tungsten ions are incorporated into the bismuth network of the
glass. When bismuth and tungsten ions are located close to each
other, the localisation of the free electrons during y-irradiation
occurs mainly at the W6 + ions, which possess stronger acceptor
properties.7 This conclusion has been supported by the results of
X-ray phase analysis of thermally treated glasses: bismuth
tungstates were detected as one of the phases in the products of
crystallisation.51 Thus, in bismuth-containing glasses modified by
tungsten oxides, bismuth tungstate complexes are formed; they
bind the bismuth ions strongly and prevent them from liberation
as metallic macroparticles during the glass melting. This change in
the glass structure favours the occurrence of single-electron
processes accompanied by the formation of W5 + and Bi4+ ions
under the influence of ionising radiation.

Thus, ions in UOS can also arise under the action of radiation
in glasses containing no alkali metal cations. The fact that these
ions are stabilised in the matrices of the glasses considered above
implies that the set of various oxidation states of ions forming the
glass network (for borate glasses, these are B 3 + and B 4 + ions)
permit the processes of stabilisation to be accomplished also in the
absence of alkali metal cations.

5. Sulfate-containing glasses
The studies described above have shown unambiguously that the
stabilisation of UOS of metal ions is related to the structure of a
glass. Since the stabilisation of UOS of metals is caused in some
cases by mobile cations, the stabilisation of these cations, in its
turn, can be due to the formation of ions in UOS. The latter, being
present in the glass as modifying ions or being incorporated into
the glass-forming network, can stabilise the cationic framework to
different extents, since the Na + , K + , Li + , and Cs+ cations are
incorporated into the 'ligand' environment of ions in UOS in
different ways.

These considerations are related directly to the problem of
neutralisation of radioactive wastes with medium activity level.52

In fact, a glass matrix consisting of a continuous irregular network
of coordination polyhedra of glass-forming units accumulates
various radionuclides, which can either enter into the composition
of the crystalline framework (Na2O, CS2O, SrO, etc.) or be
accumulated in the cavities of the structural network as discrete
species (RuO2, UO2, PuO2, etc.); a glass matrix can also
accumulate inactive salts often containing sulfur. Therefore, the
solution of the problem of stabilisation of radionuclide ions and
sulfur-containing ions accompanying them can be linked to the
stabilisation of ion metals in UOS, for example, Pb3 + and VO2 + ,
in sulfate-containing glasses of three main classes, namely, borate,
phosphate, and silicate glasses.
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Any information on the structure and the nature of radiation-
induced defects, on the mechanism of damage arising under the
action of radionuclide radiation, and on the radiation resistance of
glasses during prolonged storage is of scientific and practical
interest. For example, the possibility of stabilising ions of different
natures in glasses of various compositions in the
Na2O(PbO,V2O5)-EOx(SiO2,B2O3,P2O5)-SO3 systems has
been studied by EPR.53"60 It was found53-56-59 that the regions
of glass formation in the Na2O(PbO)-EOx(SiO2,B2O3,P2O5)-
SO3 systems are broadened on passing from silicate glasses to
borate and phosphate glasses and also on passing from sodium to
lead glasses (Fig. 6 a,b). The largest region of glass formation was
observed in the PbO-P2Os-SO3 system (the maximum content
of SO3 being 33 mol %).

EO* Na2O
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Figure 6. Regions of glass formation in the Na2O-EO.v-SO3 (a),
PbO - EOX - SO3 (A), and Na2P2O6 - V2O5 - Na2SO4 (c) systems.
EOr = SiO2 (7), B2O3 (2), and P2O4 (3).

In order to study the structure in each system, two series of
glasses were chosen, with the following concentrations of the
initial components: [SO3]/([SO3] + [EO.J) = const, in the first
series and [MVO]/([SC>3] + [EOJ) = const, in the second series,
where EO* and M_,.O are glass-forming oxides and modifying
oxides, respectively.

Glasses based on the Na2O-SiO2-SC>3 system, in which the
region of glass formation is the smallest among the glasses studied
and the content of SO3 does not exceed 7 mol %, give no EPR
signals due to sulfur-and-oxygen-containing PMC; only signals
corresponding to the silicon-and-oxygen PMC are observed.58

The EPR spectra of sulfate-containing borate and sulfate-contain-
ing phosphate glasses, in addition to the signals corresponding to
boron-and-oxygen and phosphorus-and-oxygen PMC, exhibit
signals due to the sulfate constituent of the anionic character of
the glass.54'55'58

The EPR spectra of binary alkali borate and sulfate-contain-
ing alkali borate glasses,55 the compositions of which fall in the
centre of the glass-formation region, exhibit signals characteristic
of irradiated alkali borate glasses: BO3" (gi = 2.002; g2 = 2.011;
g3 = 2.034) and BOj" fever = 2.012 for glasses containing more
than 20 mol % of Na2O). In the spectra of sulfate-containing
borate glasses (the compositions of which are at the boundary of
the glass-formation region), in addition to the signals mentioned
above, a signal due to the (SOJ) PMC has also been detected (a
similar signal has been observed in irradiated solutions of
H2SO4).3 The formation of the (SO4) PMC in this composition
region can be associated with the processes of chemical differ-
entiation leading to the formation of microxegions enriched in
sodium sulfate. This inference has been confirmed in a study of
thermally treated glasses by electron microscopy.55

In the magnetic field region corresponding to g < ge, for
sulfate-containing borate glasses 5? with compositions lying at the
centre of the glass-formation region, an electron site signal has
been detected, the thermal behaviour of which differs from that of
(BO4") or (SC>4~) PMC. This PMC was assigned to a sulfur-
containing ion in UOS, namely, to the S5 + ion. This may arise
when an electron is trapped by an SO4 tetrahedron incorporated
into the glass-forming chains (trapping of an electron is not typical
of isolated SO4~ ions). Apparently, in this case, redistribution of
the electron density occurs among mixed boron-sulfur-and-
oxygen chains between the boron- and sulfur-and-oxygen frag-
ments in the following way:

BO5," + SO4- BO4- + SO4- .

This process accounts for the increase in the concentration of the
S5+ ion. This assumption is supported by the fact that the (SO4")
PMC is not found in the irradiated glasses, the compositions of
which lie near the boundary of the glass-formation region, because
chemical differentiation in these glasses leads to the destruction of
the chains containing SO4 polyhedra.

The EPR spectra of sulfate-containing borate glasses with
compositions corresponding to the metaphosphate region, to-
gether with the known signals due to the (PO4~) and (PO3") PMC,
also exhibit a signal associated with SO4 .

55 As the proportion of
the sulfur-and-oxygen-containing constituent in the anionic
character of the glass increases, the concentration of phos-
phorus-and-oxygen PMC decreases, while that of SO4 increases.
The irradiation of glasses with compositions lying in the ultra-
phosphate region54 also results in the formation of PMC
associated with branched units and ring structures like P4O12.
Simultaneously, the (SOJ) PMC with g = 2.004 are formed upon
rupture of phosphorus-sulfur-oxygen chains under the action of
y-radiation ( - O - P O 2 - O - S O 2 - O —»- - O - P O 2 - O +
— SO2 —O). On passing from the ultraphosphate region to the
metaphosphate region of composition, the concentrations of SO3"
and P4O12 decrease, whereas those of SO4 and PC>4~ increase.
This is associated with the depolymerisation of the sul-
fate-phosphate network. Evidently, ultraphosphate glasses
incorporate a common phosphorus-sulfur-oxygen network,
while metaphosphate glasses contain phosphorus - oxygen
chains and isolated sulfate ions. This interpretation of the EPR
spectra is not inconsistent with the van Wazer rearrangement
theory.61

The EPR spectra of irradiated sulfate-containing lead silicate,
borate, and phosphate glasses with a PbO concentration of more
than 30 mol % exhibit only one well-known singlet due to Pb3 + in
the ge region and at high fields.53-56-58-59 Glasses containing
< 30 mol % of PbO can be synthesised only in the sulfate-
phosphate system. The EPR spectra of glasses containing not
less than 20 mol % of SO3 or Na2SO4 are complex in appearance,
being a superposition of the singlets corresponding to Pb3 + and
SO4.

For glasses based on the PbO - SiO2(B2O3) - SO3(Na2SO4)
systems, no signals corresponding to sulfur-oxygen PMC have
been recorded. However, with an increase in the content of sulfate
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ions, the shape of the Pb3 + line changes; in particular, anisotropy
of the g-factor increases (gL = 2.004, g^ = 1.955), which is
associated with a change in the glass structure. This is also
indicated by the presence of maxima in the curves of the depend-
ence of the concentration (the width of the EPR line) of the Pb3 +

ion on the composition of the glass (Fig. 7). However, the fact that
only the signal for SO^ ions is recorded in the EPR spectra
indicates that sulfate ions, responsible for their formation in the
networks of lead glasses, are mainly isolated.

lg(c/kg->)

20

19

Afl/mT

0.4

Figure 7. Dependences of the concentration of Pb3 + (curves 1-3) and of
the line width A//(Pb3 + ) (curves 1' -3') on the composition of the glass
PbO-P 2 O 5 -SO 3 {R = [PbO]/([P2O5] + [SO3]),mol%}.
Content of SO3, mol %: 0 (/), 10 (2), 20 (5).

The influence of sulfate ions on the radiation resistance of
vanadate glasses has been studied in relation to the pseudoternary
Na2P2O6-V2O5-Na2SO4 system.60 Fig. 6,c shows the region of
glass formation in this system. It was found ^ that this region can
be divided into four areas, according to the character and
behaviour of the PMC formed in them. In the first area the HFS,
due to VO2+ with g± = 1.994, ^ = 1.932; A± = 9.0 and
J4|I = 21.2 mT, is observed at 77 and 300 K. In the second area,
the HFS due to VO2 + is also observed at 77 K; however, at 300 K
in nonirradiated glasses and at 77 and 300 K in the case of
y-irradiated glasses, a symmetrical singlet with gaver = 1.957 and
AH =2.5 mT is recorded. The EPR spectra recorded for the third
area at 77 K are characterised by poorly resolved HFS, while at
300 K, they exhibit a broad line with A # = 2 8 m T and
gaver = 1.970, which narrows as the content of V2O5 increases
from 50%-60% to 90%-100% and turns into a narrow asym-
metrical line with geff = 1.975. For y-irradiated glasses
corresponding to this area, only an asymmetrical singlet is
recorded at 77 and 300 K. In the fourth area, well resolved HFS
corresponding to VO2 + is observed at 77 K, while at 300 K a low-
intensity symmetrical singlet line with gaver= 1 -960 and
AH = 2.0 mT is recorded. The spectra of glasses y-irradiated at
77 and 295 K contain no singlet with gaver = 1.960; an anisotropic
singlet with geff = 1.975 appears instead. All these changes were
attributed to variations in the glass structure. The structure of the
glass in the first area is based on the phosphorus-oxygen
network, which may incorporate vanadium-oxygen tetrahedra,
and the cavities in the network are occupied by Na + , SO2", and
VO2+ ions. The network consisting of vanadium-oxygen chains
with tetrahedrally coordinated vanadium predominates in the
third area. In the second area, the glass contains a fairly large
amount of VO2+ ions present in an octahedral coordination with
tetragonal constriction as well as VO2+ ions arranged in the
cavities of the structural network as modifying ions. In the fourth
area glasses have an intermediate structure: they consist of
phosphorus-oxygen, vanadium-oxygen, and mixed chains as
well as of sulfate ions.

The studies considered in this Section reflect most clearly the
principle of construction of a glassy matrix based on the
composition-structure dependence and the possibility of inves-
tigating the glass structure by EPR. When various glasses are
compared, one can note that the course of the composi-
tion-property dependence for sulfate-containing phosphate
glasses varies more smoothly than that for silicate or borate
glasses. This difference may be attributed to the higher homoge-
neity of sulfate-containing phosphate glasses. Sulfate ions increase
the radiation resistance of glasses. Some chemically inert and
radiation-resistant lead-containing glasses may incorporate up to
25 mol % of sulfate-containing wastes.

III. Electron dynamics in oxide glasses
1. Reactions of reversible electron transfer occurring under
the action of light
We have described above the processes of destruction of ions in
UOS on exposure to light. It was noted that photoannealing with
boundary filters leads to partial destruction of both CC and PMC.
As the region of transmission of the boundary filter used moves to
the UV region, energetically more stable CC and PMC (i.e. centres
for which the activation energies for the photodestruction are
higher) are annealed, the photoannealing curves being linearised
in the n/no — \g(t/to) coordinates. By now it has been established
that if CC with nonoverlapping AB arise in a y-irradiated glass,
reversible phototransfer of an electron between the species
responsible for these AB is possible. From this standpoint,
lithium, sodium, potassium, and barium aluminophosphate
glasses proved most promising, since y-irradiation of these
glasses leads to the appearance of PO4~-M Z + pairs of species
(Z+ is an unusual oxidation number), which are responsible for
nonoverlapping AB. In fact, an AB with Xmllx = 500 nm corre-
sponds to the PO4~ ion, while, for example, Tl2 + and Nb 4 + ions
account for AB with Amax = 420 and 650 nm, respectively.

It has been shown that these ions arising on irradiation can be
involved in reversible photoprocesses of the type

PO4 + M z +
(4)

and the unpaired electron can thus be transferred from the ion in
UOS to the PO4 ion by phototreatment (in the region of the AB
corresponding to the ion in UOS). The reverse process is carried
out by treating the PO4~ ion with light (in the region of the AB
with /lmax = 500 nm). In this case, the kinetic curves are also
linearised in the n/no-lg(t/to) coordinates. The concentration of
the PO4~ ions being destroyed decreases in parallel with an
increase in the concentration of the ions in UOS being formed
(for example, Tl2+ and Nb 4 + ions); this can be written as
|A[POj"]| = |A[Tl2+]|{|A[Nb4+]|}. The paramagnetic species
PO4~, Tl2 + , and Nb 4 + are especially convenient, because the
reversible processes involving these species can be monitored both
by optical spectroscopy and by EPR.

The number of cycles in such reversible processes is influenced
by the structure of the glass as well as by the degree of overlap of an
edge of the AB corresponding to the ion in UOS with an edge of the
AB due to the phosphorus-containing radical ion resulting from
the light treatment. The formation in the glass of cluster species of
the M"m type (where m and n are 1,2,3,...), together with the ions in
UOS, prevents the realisation of a large number of cycles; the
clusters also participate in the electron dynamics thus creating
additional reaction pathways and blurring the pattern of 'ideal'
photoreversible transitions between the radiation-induced CC and
PMC. In the case of phosphate glasses with added Nb2Os the
pattern of reversible photoreactions is also blurred because
niobium oxide forms its own niobium - oxygen network, along
which the electron, knocked out from PO4" by the phototreatment,
can migrate. Apparently, this electron no longer participates in the
reverse reactions. This may be why the number of cycles for the
PO4" - N b 4 + pair is much smaller than for the PO4~ - T l 2 + pair.
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2. Temperature-dependent reactions of reversible electron
transfer
An attempt has been made 62 to obtain metal ions in UOS without
the action of ionising radiation. For this purpose, lithium
tungstate-, lithium niobate-, and lithium molybdate-phosphate
glasses (LTPG, LNPG, and LMPG) with added tin, titanium,
vanadium, molybdenum, tungsten, and nickel oxides have been
synthesised under reducing conditions. The completed glasses
were intensely coloured (the 'glass melting' colour). The follow-
ing PMC were found in these glasses by EPR:62 Nb4 + , Mo5 + ,
W5 + , Ti3 + , VO2 + , and Ni°. The integral intensity of the EPR
signals corresponding to the above PMC in these glasses increased
by several orders of magnitude as the temperature decreased from
300 to 6 K. It was also found that as the temperature decreased,
the EPR parameters of the PMC already present altered, which
points to structural changes in the glass network, at least in the
local environment of the ions in UOS. As the temperature
decreased, the edge of the fundamental absorption for all the
above glasses shifted to the UV region of the optical spectrum by
5-10 nm. For the matrix LNPG, the intensity of the AB with
-Imax = 800 nm decreased, whereas the intensity of the AB with
Amax = 600 nm increased with a decrease in the temperature, i.e. a
low-temperature thermochromic effect was observed. All the
processes and parameters are temperature-reversible, i.e. the
parameters return with time to the values corresponding to a
given temperature.

Aleksandrov et al.62 believe that these variations are due to the
stabilisation-destabilisation (localisation - delocalisation) of
electron pairs caused by slight local variations of the structural
network of the glass. A decrease or an increase in the temperature
leads to the transfer of an electron pair and to disproportionation
reactions of the type:

Nb3"*

M z +

- 7 \

+ T

-T

N b 5 + + Ni°.

: 2M< Z + 1 ) +

(5)

(6)

where Z is the oxidation number; M z + are Nb3 + , Sn2 + , Ti2 + ,
V3 + , Mo 4 + , and W4+ ions at which a pair of electrons with
opposite spins is localised due to structural features of the glasses
obtained. The existence of M ( z + 2 ) + ions in the glasses synthesised
is indicated unambiguously by the fact that the y-irradiation of
these glasses at 300 K leads to reduction reactions of the following
type

M(Z+2)+ (7)

The continuous increase in the concentration of ions in UOS
as the temperature decreases down to 6 K (Fig. 8) is evidence in
favour of the disproportionation of electron pairs [according to
reaction (6)].

Thus, Aleksandrov et al.62 showed for the first time the
possibility of temperature-dependent reversible transfer and
disproportionation of a pair of electrons in oxide glasses, i.e. the
so-called Pe-processes and D2-disproportionation reactions, the
existence of which in solids had already been suggested in
theoretical papers.63"65

Aleksandrov et al.66 have also proved unambiguously the
possibility that during the synthesis of glasses, D + and D~ sites
arise on transition metal ions, i.e. pairs of negatively and positively
charged defective sites existing in charge equilibrium. The
quantum level of the D~ site is occupied by two electrons, while
that of the D + site contains no electrons. The reason why these
sites are defective was considered by Street and Mott in their
model of glassy media.65 The quantum levels of the D + and D~
sites are located near the conduction band and near the valence
band, respectively. According to Street and Mott, the metastable
D° site, which is a level singly occupied by an unpaired electron, is

° 1
• 2
A 3
* 4

100 200 300 77 K

Figure 8. Dependences of the concentration of (Nb4 +) PMC on tem-
perature in the 'matrix' LNPG (/) and in LNPG With added tin (2),
vanadium (i), or titanium (4) oxide. Curve 4 shows the overall concentra-
tion Nb4 + + Ti3 + .

located in the middle of the forbidden gap; this site results from an
external action on the glassy medium during reduction or
oxidation reactions involving D + and D~ sites. In the examples
described above, ions in UOS act as D° sites. Aleksandrov et al.62

were the first to find experimentally the D + , D ~, and D° defects at
transition metal ions in oxide glasses.

It is noteworthy that in the LNPG doped with tin oxide,
additional PMC have been observed only on Nb 4 + ; when the glass
is doped with titanium oxide, PMC can be detected either on both
Nb4 + and Ti3 + or only on Ti3 + , depending on the composition of
the glass and on the glass melting conditions; in the case where
vanadium, molybdenum, and tungsten oxides act as dopants, only
PMC caused by VO2+ , Mo5 + , and W5+ are observed. In the
LMPG system doped with tungsten oxide, (Mo5 + ) and (W5+)
PMC have been observed, the ratio between the concentrations of
Mo5 + and W5 + depending on the composition of the glass and on
the glass melting conditions. The yields of all ions on decreasing
the temperature are strongly dependent on these conditions. Thus,
it is obvious that under certain conditions the D2-disproportiona-
tion reactions are preceded by the Pe-process involving the
transfer of an electron pair from Nb3 + to V5 + , Mo6 + , W6 + ,
and Ti4+ yielding V3 + , Mo4 + , W4 + , and Ti2+ and then V4 + ,
Mo5 + , W5 + , and Ti3 + . The Nb4 + ion is not formed in these
glasses, i.e. the separated electrons do not react with the dopant.
Apparently, this is an example of accepting an electron pair and
subsequent accepting of the separated electrons by a stronger
acceptor.

If glasses contain dopants leading to the formation of metal
ions with weaker accepting properties compared with those of the
V5 + , Mo5 + , W5 + , and Ti4 + ions, only Nb4 + is formed. However,
the influence of the compounds added on the trapping of the
electrons resulting from the dissociation of electron pairs can be
judged from the increase in the concentration of the Nb4 + ion
with a decrease in the temperature. Fig. 9 shows the dependence of
the concentration of the Nb4 + ions at 77 K in LNPG on the kind
of dopant (silver, zinc, indium, tin, antimony, gallium, or
germanium oxide), which can lead to the formation of ions in
UOS with the corresponding oxidation number Z. The dopants
were introduced during the glass melting in a concentration of
3 mol %. The pattern of the A[Nb4+] - Z plot coincides with those
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Figure 9. Dependence of the yield of Nb 4 + ions at 77 K in LNPG
containing metals, forming the corresponding ions in UOS, added as
dopants (introduced as oxides in an amount of 3 mol %).

of the AJA^-Z and E^-Z plots obtained for y-irradiated
alkali phosphate glasses. Evidently, after the decomposition of
species with paired electrons to single-electron species, doping
metals enter into redox reactions with them yielding ions in UOS,
as with the action of y-radiation.

Since niobium oxide acts in LNPG as the glass-forming
compound, forming a glass network possessing microcavities,
channels, and pores peculiar to it, one can assume that surface
disproportionation reactions occur, which are accompanied by
surface transport of electron pairs to stronger acceptors affording
ions in UOS. Naturally, the disproportionation reactions pro-
ceeding within the structural units of the glass also contribute to
this process.

To elucidate the mechanism of the reversible low-temperature
disproportionation (RLD) and the reasons for stabilisation of
particular concentrations of elements in UOS at a fixed tempera-
ture, the following experiments have been carried out. LNPG (this
glass is subsequently referred to as the 'matrix LNPG') with
added titanium, tin, and vanadium oxides, containing Nb, Li, P,
and M (Sn, Ti, V) atoms in concentrations of (l-4)xlO2 1 ,
(4-8)xlO21, ( l-3)xlO2 2 , and 2xl02 Ocm-3 , respectively, were
taken as model objects. These glasses had an intense ('glass
melting') colour, resulting from the reducing conditions used in
their synthesis. The number of PMC was determined from the
EPR spectra recorded in the integration regime.66 In this case,
up to 1021 PMC per cm3 arise.

It is seen from Fig. 8 that the activation energy for the increase
in the concentration of elements in UOS depends on temperature,
E = f (7). The increase in the concentration of ions in UOS
(Nb4 + , Ti3 + , etc.) is caused by several processes for which a
spread in energy parameters is possible due to the statistical
distribution of the initial transition metal ions in the glass
matrix. These processes include: decomposition of species with
electron pairs (denoted formally by Nb3 + , Ti 2 + , Mo 4 + , W 4 + ,
etc); and stabilisation of 'separate' electrons (subsequently, this
term refers to 'exchange' electrons participating in exchange
processes and to the free electrons in the glass matrix). These
processes end with the formation of ions in UOS: Nb 4 + , Ti3 + ,
etc., which are stable at a given temperature.

In order to evaluate the contributions of the stabilisation of
'separate' electrons, and of those electrons resulting from the
decomposition of species with electron pairs, to the RLD effect (to
the formation of the Nb 4 + , Ti3 + , etc. UOS), the temperature
dependences of the electrical conductivity at direct current have
been recorded (by the four-electron method) for the matrix LNPG
and for the LNPG doped with vanadium, titanium, and tin oxides
(Fig. 10). In fact, since the electrical conductivity varies down to

10"

i

a

3.0 4.0 5.0 6.0 103/J

Figure 10. Temperature dependence of electrical conductivity in the
a—1037" coordinates (curves 1-4) and in the a— 7"~"4 coordinates
(curves 3'-4') in the 'matrix' LNPG (7) and in LNPG with added tin
(2), vanadium (3,3'), or titanium (4,4') oxide.

low temperatures (200 K), the hopping mechanism of conductivity
is valid, as well as the thermostimulated conductivity of electrons
and holes, described by the dependence a = ooexp(AE/kT),
where AE = Ec-E? for electrons and AE = EF-EV for holes
(Ec, Ev, and EF are the energies of the edge of the conduction
band, the edge of the valence band, and the Fermi level,
respectively). The hopping conductivity involves tunnelling of
thermoactivated charge carriers from one trap to another over the
energy levels at the edges of the bands (in the energy ranges Ec - £ a

and Eb-Ev), occurring in accordance with the geometrical and
energy distances between the individual traps (see Fig. 11).

Apparently, one more charge transfer mechanism occurs. It
involves 'jumps' of various distances over localised states near the
Fermi level. For this type of conductivity, Mott67 has found the
relation a = <xiexp[-(ro/r)1/4]. It is the Mott's temperature
dependence of the conductivity that is obeyed at low tempera-
tures in the glasses under consideration (Fig. 10). Tentative values
for the number of conduction electrons (numerically equal to the

Nb 5 +

Eb

Ey
Nb3- N(E)

Figure 11. Scheme for the density of the electron states on ions in LNPG
at low temperatures (the dashed line shows the possible energy spectrum of
niobium ions intercalated with Li+ cations).
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concentration of 'separate' electrons) in these glasses are
106-1012cm~3. This is less by many orders of magnitude than
the number of Nb 4 + and Ti3+ UOS arising by the RLD
mechanism in the same glasses on decreasing the temperature.
Thus, it is obvious that the contribution of the stabilisation
processes of the exchange and free electrons to the formation of
UOS is quite insignificant. The UOS observed arise largely via the
type (6) disproportionation of species with paired electrons. In
addition, the conductivity of the glasses increases by several orders
of magnitude following the introduction of transition metal oxides
(Fig. 10); and the conductivity determined for direct current is
time-dependent. Hence, it can be claimed that there is a contribu-
tion of the cationic framework to the conductivity of this class of
glasses; in other words, these glasses incorporate a mobile cationic
framework.

It has been found66 that the yields of Nb 4 + andTi3+ inLNPG
with a constant NblOsfoOt ratio depend on the number of
lithium cations, since the concentrations of Nb 4 + and Ti3+ pass
through a maximum at a particular Li+ concentration and fall to
undetectable values as the latter decreases. This suggests that the
mobile cation ensemble has an influence on the dissociation of the
electron pairs at Nb 3 + and on the subsequent stabilisation of the
UOS of niobium ion, Nb 4 + . Evidently the cationic ensemble
stimulates the reaction (6) and stabilises the resulting UOS by the
following multistage mechanism.

In the first stage, the electron pair at Nb 3 + dissociates, and
Nb 4 + is stabilised by a lithium cation.

N b 3 + Li +

+ T
(Nb4

The unpaired electron thus liberated reacts with Nb 5 +

- r
e - + Nb5 +

+ T
Nb 4 + ,

(8)

(9)

and the resulting Nb 4 + , in its turn, is stabilised by a lithium cation
-T

Nb 4 + Li
+ T

(Nb4+ —Li+ ) . (10)

Thus, if we refer the designations Nb3 + , Nb 4 + , Nb 5 + , Ti2 + ,
etc. to oxygen-containing cluster species incorporating a partic-
ular ion in the corresponding oxidation state and consider that the
lithium ions are located within the sphere of this cluster and are
probably bound to the metal (titanium, m'obium, etc.) ions via
oxygen bridges, then formally Nb4

t
+ = (Nb4+...Li+). The stable

Nbff ion is now detectable by the EPR method (strictly speaking,
only Nb4

t
+ can be detected 'directly' by EPR). Thus, the

temperature-dependent reversible liberation-capture of the cat-
ions from shallow to deep energy traps stabilises the forming UOS
and promotes the disproportionation reaction (6). This is certainly
accompanied by variations of the charge density in the local space
in the vicinity of the ion in UOS.

Obviously, the cationic ensemble also influences the conduc-
tivity of glasses, since intercalation of a glass with lithium changes
(splits, shifts, etc.; see Fig. 11) the energy levels of all the ions
present. The transfer of electrons and holes at low temperatures
occurs along the system of the lithium-intercalated glass, i.e. the
glass in which energy levels and quantitative ratios of ions have
changed.

Thus the RLD effect can be considered to be associated with
the crucial role of the cationic framework in the stabilisation of
UOS and, consequently, with the occurrence of the dispropor-
tionation processes (6). The cationic framework determines the
Nb 3 + /Nb 4 + /Nb 5 + ratio of ion concentrations. However, at the
concentrations found [Nb4+] = N = 1021 cm"3, the value
NZB < 0.25 (ZB is the Bohr radius of Nb), i.e. according to the
Mott criterion,67 metallisation of this glassy system has still not
been achieved.

3. Formation of ions in UOS as a result of mechanochemical
treatment
It follows from the above that the unpaired electrons arising due
to various kinds of treatment of a solid (y-radiation, phototreat-
ment, heat treatment) are characterised by similar chemical
behaviour: they give rise to ions in UOS in the glass matrix. It
should be expected that mechanical treatment of the glasses
described above will also lead to the appearance of ions in UOS.
It has been noted 68 that when a LiF crystal is cracked, F atoms are
liberated. One of the hypotheses put forward for the explanation
of the emission of F atoms states that the following electron
transfer reactions occur during the cracking: F^ —»- F + e~,
Li+ + e~ —»• Li, where F^ is a vibrating F~ ion which has
undergone vibrational excitation immediately after the cleavage
of bonds in the mouth of the mechanical crack. If the amplitude of
these vibrations reaches 0.75 of the magnitude of the lattice
parameter, rupture of the chemical bond occurs according to the
above scheme. The mechanisms of dislocation-induced excitation
of the electron subsystem of a solid, according to which electron-
hole pairs are formed upon collision of dislocations or upon their
exposure at the surface of a pore (or a crack) in a solid, have also
been reported.69-70 The collision or surface exposure of disloca-
tions is accompanied by intense acoustic emission, i.e. vibrational
excitation of atoms. If the amplitude of vibrations of the atoms
exceeds the limit mentioned above, an electron-hole pair is
formed. Obviously, the subsequent scheme of elementary chem-
ical steps following the mechanical destruction of a solid should
include reaction (2) (formation of ions in UOS).

We carried out experiments on mechanical treatment in a ball
mill of sodium silicate (SSG) and sodium borate (SBG) glasses at
77 K. It was found by EPR that in the SSG doped with cadmium,
tin, thallium, and lead oxides, Cd1 + , Sn3 + , Tl2 + , and Pb3 + ions
are formed. The AJA^ ratios for these ions are 0.64, 0.35, 0.55,
and 0.48, respectively. It is seen that the A-JA^ — Z dependences
for the ions in UOS obtained by mechanical treatment and by
y-irradiation at 77 K are similar.

After the mechanical treatment of SBG in a ball mill at 77 K,
only weak signals corresponding to BO4~ PMC were observed.
Apparently, the number of ions in UOS in these glasses is so small
that they cannot be detected by EPR.

These data are in good agreement with the views on the
structure of inorganic glasses presented above and with the
model of the vibrational formation of electron-hole pairs in a
glass after mechanical treatment. In fact, boron oxide usually
forms linear chains in glasses with low resistance to deformation,
whereas silicate glasses consist of highly rigid three-dimensional
networks.71 Naturally, the stronger the glass, the higher is the
mechanical stress needed for its destruction, and the more intense
in amplitude and frequency are the vibrational processes arising in
it. Hence, it is clear that the formation of electron-hole pairs and,
consequently, of ions in UOS, should be more intense in silicate
glasses. This is in good agreement with the above experimental
results.

4. The role of metals in UOS in the nucleation in a glass
The formation of the crystalline phase from glasses and melts is an
important problem in the theory and practice of the glassy state.
This process plays a key role in the preparation of crystalline
enamels and glazes, in the directed colloidal colouring of glasses,
and in the production of glass ceramics, photo glass ceramics, and
photochromic glasses existing in both the amorphous and
crystalline states. The theoretical foundations for these processes
have been formulated by Kolmogorov72 and developed further by
other researchers.73"81 However, stage-by-stage molecular chem-
ical investigation of the mechanism of the formation of the
crystalline phase has hardly been developed. In all these studies,
only the initial and final substances were examined. Nothing was
said about the role of disproportionation reactions.
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The formation of the colloidal and crystalline phases can be
divided conventionally into three stages: (1) the formation of
atomic centres; (2) the appearance of molecular aggregates; and
(3) the formation of colloidal and crystalline inclusions. The first
two stages are often combined into a single stage — nucleation,
the growth of crystals and colloids being regarded as the second
stage.

To obtain the nuclei, photosensitisers, thermosensitisers and
photosensitive metals are introduced into photo glass ceramics
and in photochromic glasses. Ce, Sm, and Pr compounds, i.e.
compounds of elements that readily release electrons on exposure
to light, for example, by the reaction

Ce3++Av Ce 4 + +e- (11)

act as photosensitisers.
The wavelength of the active light depends on the nature and

properties of both the photosensitiser and the matrix glass. The
metals Sn, Sb, Pb, etc., small amounts of which (0.02%-1.5%)
increase the capability of a photosensitive metal to form nuclei
during heat treatment of the glass and thus decrease the
irradiation time, are referred to as thermoreducing sensitisers.

Photosensitive metals are mainly Cu, Ag, Au, and Pt.
Thermosensitisers can reduce the ions of photosensitive metals
even during glass melting. In this case, the following reactions
occur on exposure to light:

CU1++/!V

Cu 1 + +e"

Cu2+

• Cu°.

The atomic copper, gold, silver, etc. form colloidal and crystalline
phases when heated to a certain temperature. Cerium added to the
glass permits the yields of Cu°, Ag°, and Au° to be increased, due
to the occurrence of reactions of the type

Ce3++Cu1++/iv — - Ce4++Cu°.

Photosensitive materials can act as self-sensitisers

2Cu1++Av Cu2++Cu° + A,

where A is the excess energy liberated. Hard radiation exerts a
similar influence on these glasses, i.e. y-irradiation also creates
prerequisites for the nucleation.

Spontaneous (homogeneous) crystallisation can proceed in a
glass melt. The process of nucleation in this case has been
rationalised at the microquantitative level by Weyl,77-78 who
relates the nucleation to defects or asymmetric fragments. In his
opinion, the 'asymmetry' is caused by disproportionation (not
electronic) of the bonding forces, which lowers the energy barrier
to the formation of crystallisation centres. Berezhnoi79 believes
that the 'appearance of the centres for spontaneous crystallisation
in complex glasses is associated with the diffuse chemical differ-
entiation of atoms and structural groups forming aggregates as
zones, the composition of which is close to that of the segregating
crystals.' Thermodynamic description of the homogeneous crys-
tallisation has also been reported.73

An important role in the theory of heterogeneous (or catalytic)
crystallisation is played by metastable zones, the necessity of
wetting the catalyst with the crystalline phase, and the similarity
of crystal structures and interatomic distances in the catalyst and
in the crystalline phase. This process is greatly influenced by
stirring or vibration of the supercooled melt or by the action of
ultrasound, electrical and magnetic fields, and y-irradiation. The
oxides TiO2, ZrO2, P2O, ZnO, Cr2O3, V2O5, NiO, Nb2O5, WO3,
and MOO3 are used as catalysts. The choice of the catalyst in each
particular case depends on the composition and properties of the
glass melt.

Turnbull80 has derived equations for calculating the rate of
formation of crystallisation centres for heterogeneous crystallisa-
tion. After that, the rules for the selection of the catalyst have been
established:81 the catalyst should be readily soluble in the glass
blend at the temperature of glass melting (and manufacture) and

be sparingly soluble at low temperatures; the free activation
energy for the formation of homogeneous crystallisation centres
from the melt at low temperatures should be low, which is
favoured by a low surface energy of the dissolved and crystalline
phases and by a high degree of supersaturation on cooling; the free
activation energy for the diffusion process should be low; the
surface energy at the interface between the glass and the catalyst
crystal should be low; the parameters of the crystal lattice of the
catalyst should be close to those of the segregating crystalline
phase. However, Weyl77-78 has noted that the distribution of
chemical bonds within the system is also important.

It is clear from the foregoing that the processes of nucleation
and segregation of the crystalline and colloidal phases from
glasses have mainly been described at a macroscopic level. The
role of transition metal ions and ions in UOS as well as concepts at
the molecular level, similar to those considered above in relation
to the formation of metal clusters MJJ,+ (M = Pb, Tl, Bi), was not
mentioned in any of these studies. In none of the papers surveyed
in relevant monographs19-82> 83 is mention made of the fact that
only the presence of atoms capable of disproportionating, such as
Bi 3 + -Bi 5 + ,T l 1 + -T l 3 + ,Cu1 + -Cu 3 + , P t 2 + - P t 4 + , T i 2 + - T i 4 + ,
in combination with ions in UOS acting as sensitisers, is the crucial
factor for the beginning of the nucleation process.

The above is confirmed by the reversible formation and
decomposition of CuJ,+ colloidal particles, induced by ions in
UOS obtained by irradiation, such as Zn1 + , Cd1 + , Hg1 + , In2 + ,
Tl2 + , Sn3+ , Pb3 + , Sb 4 + , and Bi4+.84 Let us consider a sodium
aluminoborosilicate glass with added cadmium and copper
oxides. It has been shown by EPR that irradiation of this glass
leads to the formation of Cd1+ and BO*" ions. On heating to
150-200°C these ions virtually disappear. Further heating to
800 °C leads to the formation and destruction of particles of
colloidal copper Cu^+. This indicates that the Cd1+ and BO4"
ions are not merely annihilated, but enter into redox reactions
withCu2 +

C d 2 + + C u HCd1+ + Cu2+

BO4, '+Cu2 +

which afford the D " , D + defects, i.e. the Cu1 + and Cu3 + ions. It
is pairs of these ions, identified based on the AB with
>Uax = 570 nm, that act as the precursors of the nuclei of
colloidal copper. In fact, the lattice around the D + defect should
be substantially stressed, whereas the D~ defect interacts with the
environment only weakly but possesses a higher mobility. This
leads to the possible occurrence of the following reactions:

Cu3++Cu24

Cu^+Cu1"1

Cu3++Cu1H

Cu1++Cu1H

Cu4+,

, etc.

The species Cu2
+, Cu2

+, Cû "*", and Cu2
+ can also be regarded

formally as D~ and D + defects. Some of them are more mobile
than others. Reactions then proceed in which the number of
copper atoms in one nucleus increases to give CuJ^" particles.

The decomposition of the colloidal particles CuJJ,+ following
further increase in the temperature occurs stepwise. This is
indicated by the decrease in the intensity of the AB with
-*max = 570 nm and by the appearance of an AB with
-Imax = 455 nm, which also disappears as the temperature is
further increased. The latter AB corresponds apparently to
species with lower numbers of copper atoms or to small colloidal
particles of copper incorporating cadmium atoms. It can be
assumed that the decomposition of CuJJ,"1" is related to the high-
temperature disproportionation reactions. The diagram for this
process is shown in Fig. 12. This process can be repeated many
times, beginning with the radiation-induced generation of the
Cd1 + and BO^" ions at 300 K.

Thus, the following sequence of transformations occurs: low-
temperature defects —•- disproportionation reactions —»- high-
temperature products —*• disproportionation reactions —»•
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Figure 12. Processes in the accumulation and disappearance of Cd1 + ions
and Cu "£ clusters after y-irradiation followed by thermoannealing.

return to the initial state. To control the formation of the nuclei of
crystalline and colloidal phases in glasses, in glass-like materials,
and, possibly, in ceramics, one should elucidate the relationships
in this sequence. The problem of elucidating these relationships
can be solved only by detailed investigation of the whole set of ions
present in the glass and of the electron dynamics of their inter-
actions,85 which, in the presence of disproportionation reactions,
may be complex and involve in oxide glasses both the metal and
oxygen. For example, the following disproportionation reactions
of the D2 type may occur

M 4 + +2O 2 - M24

Oxygen ions and clusters should promote the disproportiona-
tion reactions.86"90 Obviously, studies along these lines will be
continued.

IV. Conclusion
The data presented in our review imply that the stabilisation and
reversible stabilisation-destabilisation of metal ions in UOS with
the localisation of one or two electrons are complex processes
involving the whole glass or the glass-like solid. These processes
are associated with the electron-vibrational and conformational
rearrangements, electron density transfer, shifts of atoms, and
with variations (reversible or irreversible) of the local structure of
the glass. The processes of electron disproportionation are
accompanied by redox chemical reactions. Specific features of
these processes are determined by the structure of the glass (the
network geometry and the characteristic features of the electronic
structure).

Currently the most common view on the structure of glasses is
that the borate, germanate, silicate, and phosphate glasses are
built of the main structural units BO3/2, BO4/2, GeO4/2, SiO4/2, and
OPO4/2 (the indices 3/2 and 4/2 point to the fact that the B, Ge, Si,
and P atoms are linked to the glass network via three or four
bridging oxygen atoms), which are transformed during the syn-
thesis into progressively more complex structures,91 ~98 i.e. mono-,
di-, and oligomeric anions. The latter are converted, in their turn,
into diverse macroanions (MA) of linear (SiOi.~)n , layered (philo)
[BO3/2(O-)]^", or network (texto) (Si2O5 )„ type or into clusters
with any number of atoms. Thus, glass can be treated as a solid,
porous at the molecular level, with an immense inner surface, the
channels and pores of which are occupied by modifying cations,
and dangling bonds also emerge there.38-84

The dangling chemical bonds and modified structural groups
give rise to a set of various defects of donor or acceptor character.
The frequency of origination of these sites (defects) is determined
by the free energy of formation of each of them. At the same time,
if a glass contains no paramagnetic ions introduced during the
synthesis, it is a diamagnetic material. If singly charged positive
and negative defects could arise during the synthesis of glasses,

they would correspond to high concentrations of unpaired
electrons. However, EPR studies indicate unambiguously that
their concentration is lower than 10'5 cm ~3 and can be brought to
1017-1019 cm~3 in amorphous Si and Ge only by various external
factors.99-10° The presence of singly charged positive and negative
defective sites would also cause substantial conductivity at low
temperatures, but no contribution of this conductivity has been
found so far.83

These contradictions have been resolved in terms of the theory
of chemical bonding describing the characteristic features of the
electronic structure of glass. A great contribution to the develop-
ment of this theory has been made by Anderson.101 He noted that
in amorphous semiconductors and glasses, electrons tend to be
combined in pairs thus forming stable states. The stability of the
states with paired electrons is due to the fact that the energy of the
Coulomb repulsion is lower than the energy of the electron-
phonon interaction; the polarisability of the solid lattice sur-
rounding the electrons should also be taken into account. Later
Street and Mott65 and Kastner, Adler, and Fritzche102 developed
(almost contemporaneously) the theory of localised states in a
glass, which are positively and negatively charged defects (D + and
D~~, respectively). These authors claim that a half of the defects
remain unoccupied with electrons and acquire a positive charge
(D + site), and the rest of the defects are occupied by electron pairs
and have a negative charge (D~ site). These studies made it
possible to explain the diamagnetism of glass and the linearity of
the variation of the molecular heat capacity of glasses at low
temperature.

Lucovsky103 and Greaves104 have developed these views in
relation to glassy SiO2. They proved that the abstraction of an
electron from a D~ site or the addition of an excited electron from
the valence band to a D + site result in the formation of a
paramagnetic neutral D° site. Within the framework of quantum
chemistry, all these models are based on the fact that the
heterolytic rupture of chemical bonds yielding D + and D~ sites
is energetically more favourable than the homolytic rupture of
bonds leading to the formation of sites with unpaired spins. The
antibonding state has an electronic configuration that is described
by the D + state located in the forbidden gap below the conduction
band, while the D~ state has a completely filled valence electronic
shell, forms no additional bonds, and is located in the forbidden
gap above the valence band. The smaller the polarisation of the
lattice caused by the D~ site, the stronger the polarisation effect
caused by the D + site.

All the models considered above describe the same effect; they
go under the general name of the model of charged defective sites,
which is valid only for fairly simple structures in the glass.83 A
more adequate model, namely, the model of quasimolecular
defects, has been suggested by Popov.105 This model involves the
realisation of multicentre multielectron bonds in glasses. This
model shares a number of traits with the Dembovskii model,
which develops the theory of'soft' three-centre bonds (arising due
to the fact that the bonds are formed by antibonding electrons).106

It is clear that the extension of the above concepts to the
description of the geometric and electronic structure of glass has
not yet been completed.

If we suggest, from general chemical knowledge, that an
analogy between the processes of structural disordering in glass
and dissociation reactions like 2H2O ^HsO"1" +OH~ in aque-
ous media can be drawn legitimately,55-101 ~105 then the acid - base
concept applied to oxide melts and glasses correlates quite well
with views on the redox disproportionation yielding D + and D~
sites. According to this concept, the heterolytic rupture of bonds
leads to the formation of a D + hole site on the oxygen atom bound
to three silicon atoms [+O(SiO3/2)3] and of a D~ two-electron site
on the oxygen atom bound to one silicon atom [SiO3/2O~]. In the
presence of foreign metal oxides, the scheme by which the
defective sites arise changes: metal cations act as the D + sites
instead of +O(SiO3/2)3. This refers also to three other main types
of oxide glasses: borate, germanate, and phosphate glasses.83'107
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The modelling of the formation and stabilisation of ions in
UOS at the level of local reactions, with allowance for the
disproportionation of the electron density between the selected
atomic centres, makes it possible to explain completely the
processes of stabilisation of ions and switching of bonds both
during the synthesis of glasses and following various kinds of
physical treatment of them.108 Moreover, it follows from the data
presented in our review that a key role in the stabilisation of ions in
UOS in low-temperature glasses is played by hydrogen bonds, due
to which a glass-like network is formed. In this case, protons act as
the mobile cationic framework; after the addition of an unpaired
electron to a metal cation, protons occupy energetically favour-
able positions in its environment and lead to the redistribution of
the electron density due to local disproportionation reactions.

Thus, allowance for the structural features of glass, the
presence of dangling and multicentre bonds leading to the initial
localisation of the electron pairs, and the presence of a mobile
cationic ensemble determine the subsequent cooperative processes
based on redox reactions, which are similar as regards the nature
of the elementary step and lead to the formation and stabilisation
of ions in UOS.
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Abstract. The possibility of determining relative rates of oxidation
of hydrocarbons and of their individual C-H bonds by com-
petitive oxidation has been demonstrated. Data on the reactivities
of C-H bonds of various hydrocarbons are discussed. Informa-
tion about relative reactivities of the C = C double bonds of cyclic
alkenes and of some styrene derivatives is presented. The
bibliography includes 42 references.

I. Introduction
Competitive reactions have been widely used to obtain data
concerning the relative rates of chlorination of various hydro-
carbons.1 " 6 If these data and also the compositions of the isomeric
chloro-derivatives formed from the individual hydrocarbons are
known, it is possible to calculate the relative reactivities of
individual C — H bonds with chlorine atoms.

In the chlorination of mixtures of hydrocarbons only one
radical capable of attacking C — H bonds is present, namely the
chlorine atom. In the liquid-phase oxidation of a mixture of two
hydrocarbons, individual C — H bonds may be attacked by at least
two different peroxy radicals, each derived from one of the
starting hydrocarbons (Scheme 1). It has been assumed that

Scheme 1

R1—H+ R1—O—6

R1—H + R2—O—6

R2—H+R1—O—6

R2—H+R2—O—6

fa.

R1

R1

R2

R2

R1—O—O—H

R 2—O—O—H

R 1—O—O—H

R 2—O—O—H

k\ i: ku = &2i: kn = k\: kj. Here k\ and £2 are the rate constants
for the oxidation of the hydrocarbons R'H and R2H, respectively.
In competitive oxidation correct data for k] / fo can be obtained
only if the relative reaction rates of peroxy radicals with different
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C —H bonds are independent of the nature of the attacking
radical.7 If the cooxidation is accomplished in the presence of a
large excess of an individual hydroperoxide then all peroxy
radicals formed from the starting hydrocarbons will react with it
(Scheme 2).8

R1—O-O + C—O-O—H

R 2 - O - 6 + C-O-O—H

k,
fc

k2

Scheme 2

—*• R1—O-O—H + C—O—6

—*• R2-O-O—H + C - O - 6

R1 + C-O-O—HR1—H + C - O - O

R2—H + C—O-O —*• R2 + C-O-O—H

R' + O2 —*- R1—O-O

R2 + O2 —*• R 2 - O - 6

In this case the relative reactivities of hydrocarbons and their
individual C — H bonds with respect to the peroxy radical derived
from the added hydroperoxide can be calculated by the methods
used in chlorination.8-9

Table 1 presents the relative rates of oxidation of certain
aromatic hydrocarbons in the presence of different individual

Table 1. The relative rates of reaction of various peroxy radicals with
aromatic alkyl-substituted hydrocarbons.

Radical Hydrocarbon

toluene ethyl-
benzene

cumene tetralin

Bu ' -O-O ' 0.23
Pr iC6H4-O-O" 0.17

C6H5

C2H5C-O-O- 033

CH3

Bu°-O-O"
Bu s -O-O'
<x-C10Hi2-O-O'a

8 The ot-tetralinylperoxy radical.

0.91
1.00

1.47

0.25
0.25
0.20

1.25
1.25
1.00

9.1
9.2

8.7

16.0
10.5
12.5
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Table 2. The relative rates of oxidation of the R'H and R2H pairs of hydrocarbons as a function of their initial molar ratio.

R'H

Cyclodecane
Cyclooctane

cis-Decalin
cis-Pinane

Diphenylmethane
1,2-Diphenylethane
Tetralin
/>-Xylene
/)-Di(rerr-butyl)benzene
1,1 -Diphenylethane

R2H

Cumene
it

Cycloheptane
Cumene
it

Cycloheptane
Cyclooctane
Cumene
ii

it

it

it

tt

k, / k2 for different molar ratios R 'H: R2H

25:75

0.60
0.79
1.80
0.67
1.55
6.27
3.94
1.86
0.68
4.44
0.43
0.19
1.39

30:70

0.62
0.75
2.05
0.72
1.52
6.18
3.58
1.97
0.58
5.14
0.47
0.18
1.35

40:60

0.60
0.74
2.14
0.67
1.62
7.48
3.25
1.69
0.73
6.19
0.53
0.20
1.30

50:50

0.59
0.72
1.94
0.66
1.49
7.52
3.29
1.97
0.76
5.06
0.46
0.19
1.42

60:40

0.48
0.72
2.41
0.63
1.64
7.98
3.39
1.82
0.74
5.31
0.42
0.18
1.39

hydroperoxides. The data confirm the assumption that the relative
rates do not depend strongly on the nature of the attacking peroxy
radical.8

The ratios of oxidation rates of hydrocarbons R'H and R2H
(i.e. their relative reactivities with peroxy radicals) were calculated
from the equation

ki £[R'OH][R2H]

Binary mixtures of hydrocarbons were oxidised at molar ratios
ranging from 25:75 to 60:40, temperatures of 90-110 °C, and
oxygen absorptions up to 10 mmol per 100 mmol of the sum of
both hydrocarbons. After oxidation was complete, the reaction
mixture was reduced with lithium aluminium hydride, and the
alcohols formed were analysed gas chromatographically. For all
the mixtures investigated ki / k2 ratios identical within the limits of
error were obtained (Table 2). This demonstrates the validity of
the assumption that the relative rates of reaction of peroxy
radicals with hydrocarbons are independent of the nature of the
radical. One must take into account the fact that at high
concentrations of R'H the fraction of its peroxy radical R'OO'
in the reaction mixture must be higher than at low concentrations.

The independence of the relative rates of oxidation of a
mixture of two hydrocarbons of a given initial ratio demonstrates
that the relative rates of the individual C—H bonds with attacking
peroxy radicals are independent of the nature of the latter. If this is
the case, the rates of oxidation relative to any other partner can be
calculated indirectly by employing the oxidation of two pairs of
hydrocarbons (e.g. R'H + R3H and R2H + R3H) in accordance
with the equation

*!

The results of such calculations do agree with data obtained by
direct cooxidations (of R'H and R2H) (Table 3). This constitutes
yet another confirmation of the independence of the relative rates
of oxidation of various hydrocarbons (or different C - H bonds)
of the nature of the attacking peroxy radicals.

Evidently, it is necessary to select a certain hydrocarbon as a
standard and to refer to its oxidation rate the oxidation rates
(reactivities) of all other compounds. In the present review, the
highly reactive tertiary C — H bond of cumene was chosen as the
standard. This means that in most cases cumene was used as the
second component of the starting mixture in the cooxidation
experiments. Cyclooctane can also be used as a convenient
reference hydrocarbon; its reactivity is relatively high, and only

one alcohol (cyclooctanol) is formed from its oxidation products
on reduction with lithium aluminium hydride.

Table 3. A test of the possibility of the indirect determination of the relative
rates of oxidation of the R'H + R2H pairs of hydrocarbons under the
conditions of their cooxidation.

R'H + R2H ki/k2

cis-Pinane + cycloheptane
Cumene + cycloheptane
cis-Pinane + cumene

c/s-Pinane + cyclooctane
Cumene + cyclooctane
cw-Pinane + cumene

Ethylbenzene + indane
Cumene + indane
Ethylbenzene + cumene

3-Phenylbutane + cumene
n-Butylbenzene + cumene
3-Phenylbutane + n-butylbenzene

2-Phenylbutane + cumene
n-Propylbenzene + cumene
2-Phenylbutane + n-propylbenzene

directly
determined

7.09
2.24
2.29

3.52
1.40
2.29

0.18
0.25
0.84

0.18
0.44
0.35

0.51
0.57
0.85

indirectly
determined

2.29

2.51

0.72

0.41

0.89

II. Reactivities of alkylbenzenes and their activated
oc-C—H bonds
The reactivities of activated (a-position to the benzene ring) and
nonactivated C — H bonds of alkylbenzenes have been investi-
gated in detail.7' 10~ '2 Table 4 presents data on the relative rates of
oxidation of alkyl-substituted benzene and also on the relative
reactivities of their individual C - H bonds. Evidently, the
reactivities of both the primary and secondary C — H bonds at
the a-position in most cases do not depend significantly on the
presence of additional alkyl substituents in the benzene ring. A
similar conclusion can also be reached concerning the reactivities
of tertiary a-C — H bonds. Table 4 shows that the reactivities of
the a-C—H bonds increase in the sequence primary
(0.08) < secondary (0.29) < tertiary (0.82) in the ratio of approx-
imately 1: 3 :10 (Table 5). The mean deviation of the reactivity
data increases in the same sequence. The reason for this is
obviously the steric hindrance caused by the alkyl groups linked
to the a-carbon atoms.
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Table 4. The relative rates of oxidation of aromatic alkyl-substituted
hydrocarbons and the relative reactivities of their a -C-H bonds.

Hydrocarbon Rate of Reactivity of C - H bonds
oxidation (rel. units)a

(rel. units) primary secondary tertiary

Toluene

p-(tert-Butyl)-
toluene

o-Xylene

m-Xylene

p-Xylene

Mesitylene

Durene

Ethylbenzene

/>-Ethyltoluene

n-Propyl-
benzene

n-Butyl-
benzene

Isobutyl-
benzene

3-Methyl-1-
phenylbutane

3-Methyl-1-
p-tolylbutane

Cumene

p-Isopropyl-
toluene

/>-Isobutyltoluene

2-Phenylbutane

3-Phenylpentane

Diphenylmethane

2-p-Tolylbutane

Phenyl-p-tolyl-
methane

BisO>-tolyl)-
methane

Fluorene

1,2-Diphenyl-
ethane

l,2-Bis(p-tolyl)-
ethane

1,3-Diphenyl-
propane

1,1-Diphenyl-
ethane

1,1-Diphenyl-
propane

1,1-Diphenyl-
butane

Indane

Tetralin

0.189±0.012

0.189 ±0.003

0.509 ±0.009

0.411 ±0.020

0.460 ±0.019

0.674 ±0.043

1.472 ±0.080

0.805 ±0.014

1.89 ±0.07

0.573 ±0.047

0.436 ±0.030

0.494 ±0.027

0.618±0.021

0.866± 0.045

1

1.875 ±0.015

0.81 ±0.02

0.507 ±0.003

0.184 ±0.003

1.861 ±0.052

1.316±0.086

2.06 ±0.14

2.235 ±0.067

4.35±0.13

0.695 ±0.033

1.367 ±0.078

0.645 ±0.022

1.370 ±0.021

0.626 ±0.015

0.524 ±0.022

3.973 ±0.087

5.23 ±0.28

0.06

0.06

0.08

0.07

0.08

0.07

0.12

-

0.13

_

_

_

_

0.06

-

0.13

0.08

-

-

-

0.13

0.05

0.06

-

—

0.06

-

—

—

—

-

_

—

—

-

-

-

-

-

0.42

0.75

0.29

0.22

0.16

0.26

0.32

-

—

0.23

-

-

-

-

_

-

0.17

0.25

0.17

_

—

_

—

_

1.50

0.51

0.18

0.93

a The average reactivities of the C - H bonds are 0.083 ±0.008 for the
primary bond, 0.294 ±0.051 for the secondary bond, and 0.82 ±0.23
relative units for the tertiary bond.

Table 5. Relative reactivities of the C — H bondsa nonactivated and
activated by one phenyl group.

C - H bond Nonactivated Activated Activation
factor

Primary 0.00133 0.083 64
Secondary 0.011 0.29 26
Tertiary 0.10 0.82 8

"With respect to the tertiary C — H bond of cumene.

It is known from the literature13"15 that orf/io-substituted
cumene derivatives are very difficult to oxidise; this is caused by
steric hindrance of the coplanar arrangement of the methyl groups
of the intermediate 2-arylisopropyl radical and the ortho-substi-
tuted benzene ring. Our data on the relative reactivities of the
tertiary C — H bonds of two cumene derivatives containing ortho-
methyl groups confirm this qualitative conclusion (the relative
reactivities of the C — H bonds are indicated in brackets in the
formulae presented).12

H3(0.13)

H3C

(1.50)

(0.14) H3C

H3C

A similar decrease in reactivity is also observed in the case of
a-isopropyl naphthalene,12 which can be regarded as an ortho-
substituted cumene derivative.

(0.12)

H3C

The tertiary C — H bonds in on/jo-substituted cumenes and the
inactivated tertiary C - H bonds have approximately the same
reactivities in relation to the tertiary C — H bond of cumene (on
average 0.10 ±0.03):

Compound Relative reactivity of
the tertiary C - H bond

Isobutylbenzene
p-Isobutyltoluene
3-Methyl-1 -phenylbutane
3-Methyl-1 -p-tolylbutane

0.17
0.12
0.07
0.04

Only the question of the reactivities of the C - H bonds activated
by a single benzene ring has been discussed hitherto, but Table 4
also contains data on diphenylmethane derivatives and
1,1-diphenylalkanes, i.e. hydrocarbons possessing C - H groups
activated by two phenyl groups.

-CH3

(2.18)

-CH3
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— C H 3

Table 7. The relative reactivities of the nonactivated C —H bonds in
n-alkanes and in aromatic alkyl-substituted compounds.

CH2—CH3

\ /\(0.52)
H — C H 2 — C H 2 — C H 3

From the data presented in the formulae shown above, it
follows that the second phenyl group induces only a small
additional activation of the secondary C—H bonds and influ-
ences even less the reactivity of the tertiary C—H bonds. The cause
of the influence of the phenyl groups on the reactivities of a-C—H
groups is known to be the stabilisation of the corresponding
carbon radicals and of the transition states during their formation.
A prerequisite to such mesomeric stabilisation is the coplanar
arrangement of the benzene rings with all the substituents at the a-
carbon atom. Since two benzene rings at one radical (sp2) carbon
atom cannot be located in one plane, it follows that the second
phenyl group is unable to induce a significant additional activa-
tion of the a - C - H bonds. On the other hand, if both benzene
rings are forcibly accommodated in one plane, as in the case of
fluorene, then the reactivity of a - C - H bonds is indeed
increased (2.18).

III. Relative reactivities of aliphatic C - H bonds
Numerous studies of the cooxidation of n-alkanes with cumene
carried out in our laboratory made it possible to determine their
relative oxidation rates and also the reactivities of their individual
C - H bonds (Table 6).16 The secondary C - H bonds of
n-alkanes are appreciably more reactive than the primary bonds
in oxidation as well as in other radical substitution reactions.5 The
reactivity of the secondary C—H bond is lower the more remote
its position from the end of the hydrocarbon chain. In the
oxidation of normal paraffins a side reaction takes place, the
intramolecular hydrogen transfer in the intermediate peroxy
radicals, which results in the formation of up to 20% of
bifunctional products.16"18 In the case of branched paraffins,
the contribution of the intramolecular H-transfer is much higher,
so that the determination of relative reactivities of such hydro-
carbons and their C —H bonds is difficult. In the oxidation of
aromatic compounds containing bulky alkyl groups, the non-
Table 6. Relative rates of oxidation of n-alkanes and relative reactivities of
their C -H bonds.

n-Alkane

n-Nonane
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
n-Hexadecane

Rate of
oxidation b

0.181 ±0.005
0.181 ±0.002
0.179±0.004
0.200±0.011
0.183±0.010
0.194±0.010
0.202±0.003
0.207±0.011

X'

5
5
6
6
7
7
8
8

Reactivity b of one C—H group
(rel. units) in position:

1

0.0016
0.0014
0.0010
0.0015
0.0006
0.0009
0.0008
0.0007

2

0.015
0.014
0.013
0.013
0.011
0.011
0.010
0.009

3

0.012
0.011
0.010
0.010
0.009
0.009
0.008
0.007

4-xc

0.010
0.009
0.008
0.008
0.007
0.007
0.007
0.007

a Position most remote from the chain end. b With respect to the tertiary
C —H bond of cumene. 'Mean value for the positions 4 to x. The
corresponding secondary alcohols could not be separated by capillary
gas chromatography.

Hydrocarbon

n-Nonane

n-Decane

n-Undecane

n-Dodecane

n-Tridecane

n-Tetradecane

n-Pentadecane

n-Hexadecane

1-Phenylpropane
1-Phenylbutane

2-Phenylbutane
2-/>-Tolylbutane
3-Phenylpentane
3-Methyl-1 -phenylbutane
3-Methyl-1 -p-tolylbutane
Ethylbenzene
n-Propylbenzene
n-Butylbenzene
Isobutylbenzene
p-Isobutyltoluene

Relative reactivity of one C — H bond "•b

(rel. units)

primary

0.0016

0.0014

0.0010

0.0015

0.0006

0.0009

0.0008

0.0007

—
-

—
-
-
-
—
0.0020
0.0015
0.0018
-
—

secondary

position

2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
2
3
3
3
2
2
2
—
-
-
-
—

value

0.015
0.012
0.014
0.011
0.013
0.010
0.013
0.010
0.011
0.009
0.010
0.009
0.010
0.008
0.009
0.007
0.011
0.009
0.011
0.011
0.013
0.013
0.023
0.010
—
-
-
-
—

tertiary

_

—

_

_

_

_

—

—
—

—
—
—
0.07
0.04
—
—
—
0.17
0.12

a With respect to the tertiary C —H bond of cumene. bThe average
reactivities of one C - H bond are 0.00125±0.00014 for the primary
bond, 0.011 ± 0.001 for the secondary bond, and 0.10 ± 0.03 relative units
for the tertiary bond.

activated C—H bonds are also attacked by peroxy radicals. It
follows from Table 7 that the ratios of the reactivities of the
primary, secondary, and tertiary aliphatic C — H bonds in alkanes
and alkylaromatic hydrocarbons are 0.0013:0.011:0.10 a!
1:8.5:80. This was in fact to be expected, since the reactivities of
aliphatic C—H bonds increase in precisely this sequence in all
radical substitution reactions.

The reactivities of activated and nonactivated C — H bonds are
collated in Table 5. The ratio of these quantities constitutes the
activation factor. The data presented in Table 5 show that the
activating effect of the phenyl group at the a-position decreases in
the sequence primary > secondary > tertiary C—H bond. The
cause is probably steric hindrance of the coplanar arrangement of
the alkyl groups linked to the a-carbon atom with the atoms of the
benzene ring. The coplanar arrangement gives rise to strain which
increases with the increase in the number and the size of the alkyl
groups. In indane and tetralin the groups linked to the a-carbon
atoms are located in approximately the same plane as the benzene
ring, and this causes an increase in the reactivities of their a-C — H
bonds.

(0.99) (1.31)
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IV. Ring strain effects in the oxidation of
cycloalkanes and their derivatives
The change in the hybridisation of one carbon atom of a
carbocyclic compound from sp* to sp2 is always associated with a
change of the ring strain, which depends on the size of the ring.19

Therefore the rates of the reactions in which cycloalkyl radicals
are formed are determined to a large extent by the ring size.20 A
similar dependence is characteristic also for the radical bromina-
tion (but not for the chlorination) of cycloalkanes.4

The cooxidation of cycloalkanes and their methyl-, ethyl-, and
phenyl-substituted derivatives with cumene made the determina-
tion of the relative reactivities of their individual C — H bonds
possible (Table 8).21-22 As is to be expected,4-l9-20 the reactivities
of the C - H bonds in six-membered rings are especially low,
whilst those in five-, seven-, and eight-membered rings are much
higher. In cyclododecane, the C — H bonds have about the same
reactivity as the secondary C - H bonds in normal paraffins
(Table 6).

Table 8. Dependence of the reactivities of the C — H bonds of cycloalkane
derivatives on ring size.

Number of

carbon atoms
in the ring

4
5
6
7
8
9

10
11
12

Relative reactivity a of one C - H bond (rel. units)

secondary
C - H bond
in cyclo-
alkanes

—
_
0.032
0.045
0.038
0.029
0.028
0.011

tertiary
C - H bond
in methyl-
cyclo-
alkanes

—
0.102
0.261
0.258
0.115
—
—

-

tertiary tertiary
C - H bond C - H bond
in ethyl-
cyclo-
alkanes

0.128
0.072
0.122
0.148
0.128
—
_

-

a With respect to the tertiary C — H bond of cumene.

in phenyl-
cyclo-
alkanes

1.1
5.3
0.8
1.5
2.6
—
—
—

-

It must be expected that ring strain effects observed in
saturated carbocyclic compounds also occur in cycloalkenes and
benzocycloalkenes and that the reactivity of the C — H bonds at
the a-position to the double bond in cycloalkenes and benzocy-
cloalkenes depends on the ring size. Such dependence has indeed
been observed in the oxidation of cycloalkenes.23 This also gives
an explanation for the particularly high reactivity of indane and
tetralin.7

Ring strain effects should also determine ther reactivities in
the oxidation of bicyclic and tricyclic compounds. The cooxida-
tion of cw-pinane and cumene yields an unexpected result: the
tertiary C — H bond in position 2 is 22 times more reactive than the
analogous tertiary C —H bond of methylcyclohexane.24 It is even
more reactive than the tertiary C —H bond of cumene.

,H(0.10) ,H(2.29)
H (0.051)

H (0.056)

The tertiary C — H bonds at the bridgehead carbon atoms of cis-
pinane do not react with peroxy radicals in accordance with
Bredt's rule.24'25 In adamantane both the secondary and the
tertiary C — H bonds have approximately the same reactivities as
the corresponding bonds in n-paraffins and in alkylaromatic
hydrocarbons (Table 7).

V. Reactivities of the equatorial and axial C—H
bonds in cyclohexane derivatives
The rates of oxidation of the cis- and trans-isomers of decalin 26

and dimethyl cyclohexanes27 are substantially different. Obvi-
ously, tertiary C — H bonds in the equatorial position react more
readily with peroxy radicals than similar C — H bonds in the axial
position.28 The cooxidation of the isomeric dimethyl cyclohexanes
and of the decalins made it possible to determine the relative
reactivities of the tertiary and secondary C — H bonds in these
hydrocarbons (Table 9).29 We were able to calculate separately
the reactivities of the equatorial and axial C — H bonds from the
overall reactivities of the tertiary C — H bonds (Table 10).

Table 9. Reactivities of the cis- and trans-isomers of dimethylcyclohexane
and decalin and of their individual C — H bonds relative to cumene.

Compound Relative reactivity (rel. units)

cis-1,2-Dimethylcyclohexane
trans-1,2-Dimethylcyclohexane
cis-1,3-Dimethylcyclohexane
trans-1,3-Dimethylcyclohexane
cis-1,4-Dimethylcyclohexane
trans-1,4-Dimethylcyclohexane
cu-Decalin
trans-Decalia

overall

0.541
0.217
0.344
0.545
0.556
0.267
0.671
0.235

tertiary
C - H bond

0.227
0.064
0.150
0.239
0.245
0.108
0.262
0.056

secondary
C - H b o n d a

0.0087
0.0113
0.0059
0.0085
0.0082
0.0065
0.0094
0.0078

aThe average reactivity is 0.0083 ± 0.0006 rel. units.

Table 10. Relative reactivities of axial and equatorial C — H bonds in
cyclohexane derivatives.

Compound Overall Equation Reactivity of
reactivity for the calc- one tertiary
of tertiary ulationofthe C — H bond
C — H bond reactivity (rel. units)b

of an individual
C - H bond" a e

ci?-l,2-Dimethylcyclo- 0.227 a + e = 0.454 0.064 0.390
hexane

frani-l,2-Dimethylcyclo- 0.064 2a = 0.128
hexane

cis-l,3-Dimethylcyclo- 0.150 2a = 0.300
hexane

?ra«j-l,3-Dimethylcyclo- 0.239 a + e = 0.478 0.150 0.328
hexane

ris-1,4-Dimethylcyclo- 0.245 a + e = 0.490 0.108 0.382
hexane

/ra«i-l,4-Dimethyl- 0.108 2a = 0.216
cyclohexane

m-Decalin 0.262 a + e = 0.524 0.056 0.468
(rans-Decalin 0.056 2a = 0.112

a Designations: (a) reactivity of axial tertiary C — H bond; (e) reactivity of
equatorial C — H bond. b The average reactivities are 0.095 ± 0.022 for the
axial bond and 0.392 ± 0.029 relative units for the equatorial bond.

This was possible because one of the tertiary C — H bonds in
cis-1,2- and cu-l,4-disubstituted cyclohexanes is in an equatorial
whilst the other is in an axial position. In the corresponding trans-
isomers, both tertiary C — H bonds are in axial positions. In cis-
1,3-dimethylcyclohexane, both tertiary C — H bonds are axial, in
?ra/u-l,3-dimethylcyclohexane one of the tertiary C — H bonds is
axial, the other is equatorial.
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The reactivities of the secondary C — H bonds of disubstituted
cyclohexane derivatives (Table 9) are similar to those of the
secondary C—H bonds in acyclic hydrocarbons (Table 7). The
equatorial tertiary C — H bond is approximately four times more
reactive than the tertiary C—H bond in an axial position
(Table 10). The reason for this difference is still not quite clear.29

On the one hand, attack by peroxy radicals on the axial C — H
bond is more hindered than on the equatorial bond. On the other
hand, the internal strain in compounds with axial C-alkyl bonds
is greater than in compounds with analogous equatorial bonds. It
must be expected that the internal strain of cyclohexane deriva-
tives diminishes if one H-atom is abstracted from a tertiary C — H
bond and that the decrease of strain is higher if the geminal alkyl
group is axial than if it is equatorial.

VI. Reactivities of cycloalkenes
In the oxidation of cycloalkenes, peroxy radicals do not only
attack C — H bonds but also the C = C double bond.

R1

\
R1

CH—H + R - O - 0
R2 / R2

CH + R—O—O—H

\
C=CH2 + R-O-O C—CH2— O-O-R

R 2 ' R 2 '

We studied the cooxidation of certain cyclic alkenes with cumene
and determined their relative reactivities (Table II).23 The reac-
tivity of the allylic C - H bonds diminishes in the cyclopen-
tene-cyclooctene sequence. The reactivity of these bonds is
particularly high in the case of five- and six-membered rings. The
reactivities of cyclopentene and cyclohexene are comparable with
the reactivities of the corresponding indane and tetralin bonds.
The reactivity of the C = C double bond also depends on the ring
size and increases from cyclopentene to cyclooctene. The data
presented in Table 11 make it possible to explain the results
obtained previously in the oxidation of individual cycloalkenes.30

Table 11. The reactivities of certain cycloalkenes and their individual
bonds relative to cumene.

Alkene

Cyclopentene
Cyclohexene
Cycloheptene
Cyclooctene
Norbornene

Overall reac-
tivity (rel. units)

8.2
6.6
4.9
1.6
6.5

Reactivity (rel.

ofC = C
bond

0.24
0.56
1.02
1.16
6.5

units)

of allylic
C - H bond

1.98
1.62
0.97
0.10
0.00

The bicyclic olefin norbornene has an unusually high reac-
tivity 31 and is attacked by peroxy radicals exclusively at the C = C
double bond.32-33 It is noteworthy that in the cooxidation of
cycloalkenes and norbornene with cumene, the only products
from the interaction of the peroxy radicals with the C = C double
bond are the corresponding epoxy compounds.

VII. Reactivities of styrene derivatives
The study of the cooxidation of certain styrene derivatives with
cumene made the estimation of relative reactivities of their double
bonds possible (Table 12). The C = C bond of styrene is much
more reactive than the double bonds in monocyclic alkenes, and
its reactivity is comparable to that of the C = C bond of
norbornene. A methyl group at the a-position increases the
reactivity of the double bond and the effect induced by it is only
slightly weaker than the effect of the a-phenyl group. The
introduction of a phenyl group at the a-position increases only
insignificantly the reactivity of the double bond in comparison
with a-methylstyrene because a coplanar arrangement of two
phenyl groups linked with one radical carbon atom is not possible.
A /erf-butyl group at the a-position diminishes the reactivity of
styrene since in this case it is not possible to achieve a planar
structure of the intermediate carbon radical. Further studies
showed that the reactivity of the double bond in styrene
derivatives usually increases if an electron-donating substituent
is introduced in the a- or/?ara-position.3435

Table 12. The relative rates of oxidation of certain styrene derivatives.

Substituents in styrene molecule

a-position

H
Me
Bu'
Ph
Me

para-position

H
H
H
H
Bu'

Reactivity of the C = C bond

(rel. units)

6.98 ±0.40
12.78 ±0.54
0.75 ±0.05
15.6 ±0.9
14.0 ±0.2

In the cooxidation of styrene and its derivatives with cumene,
not only the corresponding epoxides but also oligomeric peroxides
and products of an oxidative degradation are formed.34"36 The
proportion of the particular product depends on the nature of the
substituent and on the reaction conditions.

VIII. Conclusion
Thus the oxidation of binary hydrocarbon-cumene mixtures
makes it possible to determine both the relative overall rates of
interaction of hydrocarbons with peroxy radicals and the relative
reactivities of their individual C - H bonds without the addition of
an individual hydroperoxide. For this purpose, the oxidation
products are subjected to total quantitative analysis after pre-
liminary reduction of the oxidation products by lithium
aluminium hydride. Reproducible and mutually consistent
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relative reactivities of hydrocarbons, which in most cases agree
with the theoretical predictions, can be obtained in this way.

In the studies37"42 the absorption of oxygen was followed
during liquid-phase cooxidations. Relative and absolute rate
constants for the interaction of peroxy radicals with hydro-
carbons were determined with the aid of the copolymerisation
equation without taking into account the formation of various
isomeric peroxy radicals from each hydrocarbon. For this reason,
in all the studies it was assumed that the rates of reaction of
isomeric peroxy radicals with various hydrocarbons are equal. It is
noteworthy that in most cases the data obtained in the stud-
ies 3 7~4 2 for the relative rates of interaction of hydrocarbons with
peroxy radicals agree well with our results.7 It must be stressed,
however, that relative reactivities of individual C — H bonds
cannot be determined by the methods described in Refs 37-42.

The authors thank the 'Fonds der Chemischen Industrie' and
the 'Deutsche Forschungsgemeinschaft' for financial support.
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Abstract. All the mechanisms known at present for cyclic
(repeated) chain termination involving aromatic amines, qui-
nones, nitroxyl radicals, and variable-valence metal complexes in
the oxidation of hydrocarbons, polymers, alcohols, and aliphatic
amines are surveyed. The mechanisms are classified and the
factors needed for the realisation of a particular mechanism are
analysed. The reasons for the limitation of the number of cycles in
the cyclic chain termination mechanism are considered. The
bibliography includes 84 references.

I. Introduction
Inhibitors of oxidation (antioxidants) play an important role in
modern technology for the production of polymers,1"4 lubri-
cants,5 hydrocarbon fuel,6 solvents, intermediate products in
organic synthesis,7 and foodstuffs.8 They also perform the func-
tion of protecting living organisms from the harmful influence of
oxygen, light, and radiation. Studies in the fields of synthesis and
physicochemical and biochemical properties of antioxidants and
intermediate products formed from them have been developed
intensely during the last three decades. An important place among
these studies is occupied by the studies of elementary reactions of
inhibitors and of the radicals derived from them.9"11

The oxidation of organic compounds with oxygen in the liquid
phase proceeds as a rule by a chain mechanism involving
participation of peroxyl radicals in the chain propagation. There-
fore, compounds that are able to react rapidly with peroxyl
radicals and thus cause chain termination occupy a prominent
place among antioxidants. Phenols, thiophenols, and aromatic
amines are effective oxidation inhibitors and are irreversibly
consumed in reactions with peroxyl radicals. When the oxidation
is propagating rapidly at a sufficiently high temperature or under
the action of very intense light, these inhibitors permit the process
to be decelerated for only a short period.

E T Denisov Laboratory of the Kinetics of Liquid-Phase Radical
Reactions, Institute of Chemical Physics in Chernogolovka, Russian
Academy of Sciences, 142432 Chernogolovka, Moscow Region, Russian
Federation. Fax (7-096) 515 35 88.
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In this connection, the inhibiting systems that ensure the
possibility of regenerating the inhibitor consumed in the chain
termination steps are of interest. This permits the oxidation to be
retarded effectively by adding a relatively small amount of an
inhibitor.

The cyclic mechanism of chain termination was discovered in
a study of oxidation of alcohols 12~14 in which aromatic amines
have been used as inhibitors. A short time later, the ability of
copper ions to terminate repeatedly the chains during oxidation of
cyclohexanol was found.15 The cyclic mechanisms of chain
termination are due to the dual reactivity of the hydroxyperoxyl
radicals formed in the oxidation of an alcohol. This has been
confirmed in relation to p-benzoquinone,16 which terminates the
chains in the oxidation of alcohols by the cyclic mechanism, but
has virtually no influence on the oxidation of hydrocarbons.

The possibility of the repeated chain termination with stable
nitroxyl radicals in the oxidation of polymers was discovered in
1972.17 Later, a fundamentally new three-component system
ensuring the cyclic chain termination in the oxidation of hydro-
carbons was suggested. Apart from nitroxyl radicals, an impor-
tant role in this system is played by an alcohol (primary or
secondary) and an organic (citric) acid, which are responsible for
the acid catalysis.18 Certain aspects of the cyclic chain termination
during oxidation have been considered in a number of
reviews.19"23 However, in the present review all the currently
known systems and mechanisms for the cyclic chain termination
in the oxidation of organic compounds are considered compre-
hensively for the first time, and the reasons enabling the realisa-
tion of these mechanisms are also analysed.

II. Chain termination with phenols and aromatic
amines in the oxidation of hydrocarbons

Oxidation of hydrocarbons9 and of many other organic com-
pounds 24'25 involves alkyl (R') and peroxyl (RO2) radicals and
proceeds by a chain mechanism that includes the following
elementary stages:

R + O2 —*- RO2 ,

RO2 + RH —*~ ROOH + R ,

ROOH —*- RO + OH',

R + R —*• RR,

(1)

(2)

(3)

(4)
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R + RO2 -

R0'2 + RO2

ROOR,

• ROOR + O2.

(5)

(6)

The semiquinone radicals continue the chain by reacting with

At a partial pressure of oxygen of 10-100 kPa and with
sufficiently intense stirring of the liquid phase (which facilitates
the diffusion of oxygen into the compound being oxidised) alkyl
radicals are converted very rapidly (over a period of 10~ 6 -
10~4 s) into peroxyl radicals. Chain termination occurs via
reaction (6), which accounts for the limitation of the chain length.

where Vi is the rate of initiation and &2 and k& are rate constants of
the corresponding stages. The lower the rate of reaction (6), the
longer the chain. The chain regime is realised when

Jt2[RH]2 > 2k6v{.

As the hydroperoxide is accumulated, the initiation rate increases
and the oxidation accelerates.

The introduction of an inhibitor InH (phenol or amine)
accelerates the chain termination due to the occurrence of the
following reactions:9""''

RO2 + InH

RO2 + In -

In' + In' —

*- ROOH + In

• Mol,

Mol,

(7)

(8)

(9)

(Mol are molecular products).
If the concentration of the inhibitor is sufficiently high, so that

/fc7[InH] > (2fc6Ui)05,

then the chain termination will proceed via reactions (7)-(9) and
the chain length will be equal to

where / is the stoichiometric coefficient of inhibition. The
reactions (8) and (9) occur very rapidly (their rate constants are
108 -10 9 dm3 mol ~ ' s ~ ' ) , the rate of the chain termination being
limited by the reaction (7). Within the framework of this scheme,
which is typical of oxidation of hydrocarbons, / s 2 in the case
where reaction (8) predominates or / = 1 if the reaction (9)
predominates. The/values determined experimentally fall in this
range.26

The In" radicals can react with ROOH and RH to give the RO2

and R' radicals,23 which are then involved in the chain propaga-
tion:

In' + RH —*- InH + R',

In' + ROOH —•- InH + RO2.

(10)

(-7)

When the temperature is fairly high (>400 K), the inhibitor
starts to react with the hydroperoxide and with oxygen at a
noticeable rate thus initiating chains:23

InH + ROOH —*~ In' + H2O + RO ,

InH + O2 —*- In' + HO2.

(11)

(12)

The quinolide peroxides InOOR, resulting from the recombi-
nation of phenolic and peroxyl radicals, redissociate into radicals,
which initiate oxidation at fairly high temperatures:''

InOOR InO' + RO'. (13)

The decomposition of p-alkoxy-substituted phenoxyl radicals
affords alkyl radicals, which continue the oxidation chain.''

ROC6H4O' —*• R' + OC6H4O. (14)

oxygen.-

O2 + HOC6H4O' —*• HO2 + OC6H4O. (15)

Thus, the kinetics of the inhibited oxidation depend, on the
one hand, on a number of reactions involving ROOH, ROi, and
O2 and, on the other hand, on the reactions involving the inhibitor
and the radicals derived from it.

The duration of the retarding action of an inhibitor is
determined by its concentration and reactivity, and also by the
conditions and the regime of the chain oxidation. At a constant
initiation rate and with intense chain termination by the inhibitor
[fki [InH]o > {ks «i)0 5], the induction period x is equal to
f[lnH]oVi~\ i.e. it is directly proportional to the concentration
of the added inhibitor and to the inhibition coefficient. Under the
conditions of autooxidation, when the hydroperoxide formed acts
as an initiator, a feedback appears between the efficiency of the
chain termination with the inhibitor and the induction period T.
Problems of the mechanism and the efficiency of oxidation
inhibitors have been considered in detail in a number of mono-
graphs and reviews.3'6-9-" It is noteworthy that the induction
period of the inhibited oxidation depends in all cases on the
coefficient / and on the concentration of the inhibitor. The
reactions (7)—(15) associated with the participation of the
inhibitor may be divided into two groups: reactions having no
influence on the coefficient/[reactions (7), ( — 7), and (10)], and
reactions, the occurrence of which influences the/value [reactions

It seems that oxidation could be retarded if a large amount of
an inhibitor is added. However, both theory and experience
indicate that the use of high concentrations of an inhibitor
reduces its efficiency and leads sometimes to a shortening rather
than to an extension of the induction period. This is accounted for
by the following reasons. An increase in the concentration of an
inhibitor leads to an increase in the quasi-steady concentration of
the In' radicals, and, consequently, the chain propagation reac-
tions involving these radicals [reactions (10), ( — 7), (14), and (15)]
proceed more intensely. The rate of the initiation reactions [(11)
and (12)] involving the inhibitor is directly proportional to its
concentration. Therefore, it is expedient to increase the concen-
tration of the inhibitor only up to a value at which initiation
involving it is insignificant.

There are also other reasons why high antioxidant concentra-
tions are undesirable. First, the evaporation of the inhibitor from
the polymer sample or its washing-out in the case where it is in
contact with a liquid accelerates at high concentrations. Second,
high concentrations of an antioxidant may be toxic for a human
organism. Third, antioxidants deteriorate the mechanical proper-
ties of polymeric articles. Fourth, the introduction of large
quantities of a fairly expensive antioxidant increases substantially
the cost of an article or a product. In some cases, this contra-
dictory situation can be resolved by using antioxidants that
provide repeated chain termination per one initial molecule of
the inhibitor, owing to the realisation of the cyclic chain termina-
tion mechanism. In these cases, prolonged retardation of the
oxidation can be achieved with a small amount of an inhibitor.

An important role in the identification and investigation of
cyclic mechanisms of chain termination has been played by
experiments dealing with the measurement of the coefficient/. It
should be noted that this coefficient is stoichiometric only when it
is determined by the reactions (7)-(9). In the case where cyclic
chain termination occurs, the coefficient / is influenced by the
competition between the irreversible destruction of the In
radicals on the one hand, and the conversion of In into the
initial InH on the other hand. In these systems, / should be
considered and said to be the inhibition coefficient.

The coefficient / has been measured by various methods.
When aromatic amines were used as inhibitors,/was defined as
the ratio Ui/uinH, where v\nn is the rate of consumption of the
amine in an experiment with a constant rate of initiation.
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The concentration of the amine was determined by colorimetry
after its conversion into a brightly coloured compound. 12~14 When
stable nitroxy 1 radicals were used as inhibitors, the variation of their
concentration during the experiment has been monitored by
EPR.17-18 The consumption of a quinone has been evaluated
from the increase in the rate of the initiated oxidation during the
experiment.16 In the case where variable-valence metals were used
as inhibitors, the evaluation was based on the induction period.

III. Cyclic chain termination in the oxidation of
alcohols, alkenes, and amines
A high value of the inhibition coefficient ( / = 28) was detected for
the first time in the oxidation of cyclohexanol in the presence of
a-naphthylamine (393 K, tert-butyl peroxide as the initiator,
/•Oi = 105 kPa).12 For the oxidation of n-decane under the same
conditions,/= 2.5. In the case of the oxidation of n-decane -
cyclohexanol mixtures, the coefficient/increased with increase in
the cyclohexanol concentration, from 2.5 (in pure n-decane) to 28
(in pure alcohol).12 When the oxidation of cyclohexanol was
carried out in the presence of tetraphenylhydrazine, the diphenyl-
amino radicals produced from tetraphenylhydrazine were reduced
to diphenylamine.14 This conclusion has been confirmed in
another study.28 Diphenylamine was formed only in the presence
of the initiator, no matter whether the process was conducted
under an oxygen atmosphere or under an inert atmosphere. In the
former case, the amino radical was reduced by the hydroperoxyl
radical derived from the alcohol, and in the latter case, it was
reduced by the hydroxyalkyl radical:

(C6H5hN'

(C6HS)2N'

C6H,0(OH)OO'
—*• (C6H5)2NH

C6H10(OH)' —
—*- (C6H5)2NH

O2 + C6H,0O,

C6H10O .

(16)

(17)

On the basis of these results the following mechanism was
suggested for the cyclic chain termination:14

(7)

(18)

RO2 + InH —*• ROOH + In',

>C(OH)OO' + In' —*- ^C = O + O2 + InH.

The oxidation of primary and secondary alcohols in the
presence of a-naphthylamine, (5-naphthylamine, or phenyl-a-
naphthylamine is characterised by high values of the inhibition
coefficient (/"»2).12~14 Alkylperoxyl and a-ketoperoxyl radicals,
like the peroxyl radicals derived from tertiary alcohols, are
incapable of reducing the amino radicals. For example, when
oxidation of te«-butanol is inhibited by a-naphthylamine, / is
equal to 2, which coincides with the value found in the oxidation of
alkanes.14 However, the addition of hydrogen peroxide to the tert-
butanol being oxidised leads to the realisation of the cyclic chain
termination mechanism (a-naphthylamine as the inhibitor, 393 K,
cumyl peroxide as the initiator, POl = 100 kPa).29 This is due to
the participation of the HOi radicals formed in the chain
termination:

RO2 + H2O2

RO2 + AmH

Am' + HO2 •

ROOH + HO2,

• ROOH + Am',

AmH + O2 ,

(19)

(20)

(21)

where AmH is an amine (in this particular case, it is a-naphthyl-
amine).

Since the peroxyl radicals derived from the alcohol dissociate
to a carbonyl compound and HOi

;C(OH)OO' HO2, (22)

three reactions, in which the amino radicals formed from the
amine are reduced, proceed in parallel under the conditions of the
oxidation of the alcohol:

Am' + HO2' —*- AmH + O2 ,

Am' + >C(OH)OO' —*• >C =

A m + > C ' ( O H ) — » - > C = O

O2+ AmH ,

(21)

(23)

(24)

In the presence of dissolved oxygen, the hydroxyalkyl radicals
are converted very rapidly into the hydroxyperoxyl radicals,
therefore, only >C(OH)OO' and HO2 participate in the reduc-
tion of the amino radicals. The higher is the temperature, the more
effectively the decomposition of the hydroxyperoxyl radicals
proceeds and the higher is the proportion of the HO2 radicals
participating in the regeneration of the amine.

Our investigation has shown30 that in the case of repeated
chain termination with aromatic amines in the oxidation of
alcohols, the situation is more complicated. In parallel with the
reaction (23), the following reaction proceeds:

JC(OH)OO' + Am' AmO' + >C(OH)O'. (25)

The nitroxyl radical, in its turn, gives rise to a new cyclic
mechanism of chain termination according to reactions:

;C(OH)OO' + AmO' O2+ AmOH, (26)

^C(OH)OO' + AmOH —*- ^C(OH)OOH + AmO'. (27)

The intermediate formation of nitroxyl radical has been
detected in the oxidation of isopropanol retarded by diphenyl-
amine; chain termination occurs by cyclic mechanisms involving
both Am' and AmO'.30 In the case where the oxidation of
isopropanol is decelerated by bis(p-methoxyphenyl)amine, only
the cycle involving nitroxyl radicals is realised.30

Organic acids retard the formation of nitroxyl radicals via
reaction (25).31 Apparently, the formation of a hydrogen bond of
the N...HOC(O)R type leads to shielding of nitrogen, which
precludes the addition of oxygen to it, yielding the nitroxyl
radical. Thus, the products of the oxidation of hydrocarbons
(acids) have an influence on the mechanism of the cyclic chain
termination.

As noted above, the duration of the retarding action of an
inhibitor is directly proportional to t h e / value. In systems with a
cyclic chain termination mechanism, the coefficient/depends on
the ratio of the rate constants for the two reactions, in which the
inhibitor is regenerated and irreversibly consumed. In the oxida-
tion of alcohols, amino radicals are consumed irreversibly via
reaction (25) and via the following reaction:

RO2 + (C6H5)2N' RO2C6H4NHC6H5 —*•
ROH + OC6H4NC6H5. (28)

The formation of the nitroxyl radical [reaction (25)] and of
quinone imine [reaction (28)] precludes the possibility of the
recovery of amine and, hence, either of the above reactions
interrupts the cycle at the amino radical

k2s + k2t '

Table 1 presents the inhibition coefficients and the termina-
tion rate constants in systems with a cyclic mechanism of chain
termination with aromatic amines. Naturally, these are effective
rate constants, which characterise primarily the rate-limiting stage
of the chain termination process.

The question of why the amino radicals ensure cyclic chain
termination in those systems in which the HO2 and >C(OH)OO'
radicals are formed, but not in the oxidation of hydrocarbons
where alkylperoxyl radicals RO2 are the chain-propagating
species, deserves special attention.42

Disproportionation of the amino and peroxyl radicals that
involves both the O — H and C — H bonds is, in principle, possible:

Am' + HO—C—

OO'

AmH O 2 , (23)
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Table 1. Inhibition coefficients and
termination.

Amine

(C6H5)2NH

(C6H5)2NH
(C6H5)2NH
(C6H5)2NH
(C6H5)2NH
(C6H5)2NH
(C6H5)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
(4-CH3OC6H4)2NH
I-C0H7NH2
I-C10H7NH2
I-C10H7NH2

I-C10H7NH2
I-C10H7NH2
1-C1OH7NH2

I-C0H7NH2
l-Ci0H7NH2

I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10H7NH2
I-C10N7NH2
l-C,0H7NH2
I-C10H7NH2
I-C10H7NH2
l-C,0H7NH2

I-C10H7NH2
I-C10H7NH2
l-C10H7NH2

2-C10H7NH2
2-C10H7NH2
2-CiOH7NHC6H4NH-2'-CioH7

2-C i0H7NHC6H4NH-2'-C 10H7

2-C ioH7NHC6H4NH-2'-C ,0H7

2-C i0H7NHC6H4NH-2'-C 10H7
2-CIOH7NHC6H4NH-2'-CIOH7

2-C,oH7NHC6H4NH-2'-CioH7
2-CioH7NHC6H4NH-2'-CloH7
2-CioH7NHC6H4NH-2'-C,oH7

4-C6H5NHC6H4NHCH(CH3)2
I-C10H7NHC6H5
2-CioH7NHC6H5
2-C10H7NHC6H5
(4-C6H5NH-4'-C6H4O)2Si(CH3)2
2-CioH7NHC6H5
2-CioH7NHC6H5

rate constants for the reactions of peroxyl radicals with aromatic amines in systems with a cyclic mechanism of chain

Substrate

(CH3)2CHOH

CH = CHCH = CHCH2CH2
trans-C6HsCH = CHCOOC2H5

irans-Cf,HsCH = CHCOOCH3
irans-CeHsCH = CHCOOC6H5

cyclo-C6HnOH
(CH3)2N(CH2)2OCO(CH3)C = CH2

(CH3)2NCH2CH2N(CH3)2
(CH3)2CHOH
cyclo-[N(CH3)(CH2)5]
N(CH2CH3)3
cyclo-C6H,,N(CH3)2

CH3CON(CH2CH3)2

cyclo-C6HuNH2
(C4H,)2NH
C6H5CH2NH2

C6H5CH2NHCH3
(CH3)2N(CH2)2OCO(CH3)C = CH2

(CH3)2NC4H9

(CH3)2N(CH2)2OCOCH2CH3
(CH3)2N(CH2)2OCO(CH3)C = CH2

cyclo-C6HnNH2
cyclo-C6HnOH

CH = CHCH = CHCH2CH2
cyclo-C6HnOH
cyclo-C6HnOH
cyclo-C6HnOH
cyclo-C6HnOH
cyclo-C6HnOH
(CH3)2CHOH
cyclo-C6HiiOH + H202
cyclo-C6HiiN(CH3)2
CH3(CH2)3OH
CH3(CH2)3OH
CH3(CH2)3OH
CH3CH(OH)CH2CH3

(CH3)3COH + H2O2

(CH3)3COH + H2O2

(CH3)2CHOH
(CH3)2NCH2CH2N(CH3)2
cyclo-[N(CH3)(CH2)5]
N(CH2CH3)3

(C4H,)2NH
C6H5CH2NH2
CH3(CH2)3OH
cyclo-C6HnOH
(CH3)2N(CH2)2OCO(CH3)C = CH2

CH = CHCH = CHCH2CH2

CH = CHCH = CHCH2CH2
cyclo-[N(CH3)(CH2)5]
cyclo-C6H,,N(CH3)2
/ra/i5-C6H5CH = CHCOOC2H5
trans-C6HsCH = CHC6H5

(CH3)2NCH2CH2N(CH3)2
cyclo-C6HnOH
cyclo-C6HnOH
cyclo-C6HnOH
cyclo-C6HnNH2

(CH3)2CHOH
C6H3CH2NH2
cyclo-C6H,,N(CH3)2

Peroxyl
radical

RO2

HO2

HO2

HO2

HO2

RO2

ROj
RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

HO2

RO2

RO2

RO2

RO2

RO2

RO2

HO2

RO2

RO2

RO2

RO2

RO2

RO2

HO2

ROj
RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

HO2

HO2

RO2

RO2

HO2

HO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

77 K

343

348
323
323
323
393
323
313
343
323
313
323
348
348
348
338
333
323
323
323
323
348
393

348
393
413
393
348
348
348
398
323
347
383
347
347
358
348
348
313
323
313
348
338
347
393
323

348

313
323
323
323
323
313
393
393
393
348
343
338
323

/

>23

200
20
20
20
56
10
26
22
52
80
70
30
18
29
25

>10
18
16
26
10
16
56

28
28
30
28
15
90
90
22

>4
12
17
12
12
9

22
90
-
-
-
26
30

6
28
26

6.5

22
43
17
40
40
22

200
15
26
36
18
52
20

fe/104

dm3 mol"1 s~ l

_

36.0
28.0

1.1
0.5
0.6
6.5

—
7.3

44.0
150

>10
2.2
4.2
0.82
3.7
1.2

10.6
8.0
0.6
0.08
0.13

—

3.2
-
-
-
-
-
-
4.2

-
-
-
-
-
-
-
0.16
0.20
1.3
0.15
0.16

-
0.2

12.0

-

-
8.2

21.0
26.0
17.0
4.0

-
-
0.9
1.2

-
1.2
1.0

Ref.

30

32
33
33
33
34
35
36
30
37
38
38
39
40
40
40
38
35
41
41
35
40
34

32
12
12
13
14
29
29
29
38
13
13
13
13
13
29
29
36
37
38
40
40
13
34
35

32

32
37
38
33
33
36
34
34
34
40
30
40
38
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Am' + H C — C —

OO

AmH = C ^ + O2. (29)

We present below the heats (AH) of disproportionation of the
diphenylamino radicals both with hydroxyl radicals and with
alkyl-containing peroxyl radicals:42

Peroxyl radical - A # / k J m o l -

HO2'
(CH3)2C(OH)O2

cyclo-C6Hio(OH)02

C6H5C(CH3)2O2

cyclo-C6Hi,O2'

161
145
135
95
84

It can be seen that all these reactions are exothermic, and the
AH values are fairly close to one another. All these reactions
should seemingly proceed equally rapidly. The question as to how
easily the amino radicals react with the O — H and C — H bonds of
the peroxyl radicals can be answered by analysing these reactions
in terms of the parabolic model of transition state.43"45 This
model treats the transition state in a radical abstraction reaction
as the point of intersection of two nonperturbed parabolic terms,
one of which describes the potential energy of the bond being
attacked, whereas the other describes the potential energy of the
bond being formed. The model makes it possible to calculate,
using experimental data (activation energy, rate constant), an
important characteristic of the elementary step, namely the
distance by which the hydrogen atom being attacked shifts. This
permits, in turn, the calculation of the activation energy for a
thermally neutral reaction of this class. By a class of reactions is
meant a set of all structurally similar reactions, characterised by
the same distance of the displacement of an atom in the elementary
step. For example, all the RO2 + RH reactions, in which an
aliphatic hydrogen atom is attacked, belong to the same class.

Each elementary reaction is characterised in this model by
enthalpy A/7e, which incorporates the difference between the zero
point energies of the reacting bonds, and also by activation energy
Ee, which is the sum of the activation energy E measured
experimentally and the zero point vibration energy of the bond
being attacked (in the case of the O —H bond, the latter is
21kJmol~')- The activation energies for all the thermally
neutral reactions of radical abstraction (£e,o) and the coefficients
a of reactions of this class are identical.45

Analysis of experimental data has shown that, when amino
radicals react with hydrocarbons, phenols, and hydroperoxides,
they are extremely reactive toward specifically the O — H bonds.46

The £e.o values for the reactions of amino radicals with various
compounds are presented below:46

Compound

ROOH
ArOH
AmOH
AlkH
AralkH

£•«,<>/kJmol-1

39.0
41.8
32.2
69.7
81.7

The reactions of amino radicals with the O — H bonds (£e,o
varies from 32 kJ mol~' to 42 kJ mol~') and their reactions with
the C - H bonds (£e,o varies from 70 kJ mol - ' to 82 kJ mol- ' )
are very different, which leads to the following significant fact.

The activation energies for reactions are known to decrease as
AH decreases. According to the parabolic model,45 for highly
exothermic reactions with fairly high A//e values the activation
energy E = 0.5 RT. The transition from higher activation energies
to E = 0.5 RT occurs at a certain minimum value of AHe

(A//e,min), which depends on £e,o for the class of reactions being
considered. The higher £e,o, the higher AHe,mm and the broader
the AH range, in which E > 0.5 RT.

For the reaction of amino radicals with the O — H bond in
ROOH, A//e ,min=-39.4 kJ mol" ' , which is substantially
smaller in magnitude than A//e,min for the reactions of diphenyl-
amino radicals with HO2' and (CH3)2C(OH)O2 ( -161 to
— 135 kJ mol"1, see above). Thus all these reactions require
virtually no activation energy, i.e. proceed fairly rapidly. The
£e,o value for the reactions of Am with the C — H bond is markedly
higher,46 and the Ai/e,min value corresponding to it is
— 141.1 kJ mol"1. In the case of the reactions of diphenylamino
radicals with P-C —H bonds in the alkylperoxyl radicals,
AH — 84-95 kJ mol"1, which is smaller than A//c,min. Hence,
these reactions should proceed with activation energies E> 0.5 RT,
i.e. their rates are much lower than the rate of interaction of Am'
with the O —H bond in the corresponding peroxyl radical.

To give the ultimate answer to the question of why the cyclic
chain termination mechanism is realised in those systems where
HO2 and XXOH)OO' radicals act as the chain-propagating
species but is not realised during the oxidation of hydrocarbons,
one should compare the rate constants for the disproportionation
reactions in which Am' affords the starting AmH [reactions (23)
and (27)] with the rate constant for the irreversible destruction of
Ami [reaction (28)]. The diphenylamino radical reacts with RO2

via two parallel routes (25) and (28) at approximately identical
rates.30 The rate constant for the overall reaction k is known to be
6 x 108 dm3 mol"1 s~'.47 This implies that the rate constant for
the addition of the peroxyl radical to the aromatic ring of the
diphenylamino radical fc28 is 3 x 108 dm3 mol"1 s"1. The cyclic
mechanism is realised if the inequality fc2i>£28 or fc23>fc28
inequality holds. Therefore, it is necessary to evaluate the rate
constants for the disproportionation of Am' andRO2 and for the
regeneration of AmH. It should be noted that, according to the
parabolic model, in the case of highly exothermic reactions the
pre-exponential factor A is related to the enthalpy of the reaction
at A//e > A//e,min by the following relationship:48

'AV-i 0.5 0.5-1

J

For this class of reactions, Ao = A at AHe < AHc,min, and the
coefficient ft for the reactions

RO2 + R'OOH — » ROOH + R'O2, (30)

is 1.6 kJ"0-5 mol~°5.42 The activation energy, which is equal to
0.5 RTfor exothermic reactions with AHe > A//e,min and is greater
than 0.5 RT for reactions with AHC < Ai/e,min, can be calculated
from the equations of the parabolic model.45

The activation energies and rate constants for the reactions
(21), (23), and (29) of the diphenylamino radical with various RO2

calculated in this way are presented below:42

Peroxyl radical E / kJ mol ~' k / dm3 mol - ' s ~ '

1.5 xlO7

3.1 xlO6

8.4 xlO9

One can see that the rate constants for the disproportionation
of the amino and peroxyl radicals (&») involving the C — H bond
are substantially lower than the rate constants for the addition
of RO2 to the aromatic ring of the amino radical (fc2s =
3 x 108 dm3 mol~' s~'). Conversely, the reaction of Am' with
HO2 proceeds very rapidly and can compete successfully with the
addition reaction. Thus, the result obtained in terms of the
parabolic model is in good agreement with the experiment.

The reason for the different reactivities of Am' with respect to
alkyl- and hydroxyl-containing peroxyl radicals lies in the energy
characteristics of the transition states of the C...H...N and
O...H...N types. In the former case, the triplet repulsion makes a
substantial contribution to the energy of the transition state,
because the C — N bond is fairly strong, and the energy of its
nonbonding orbital is high.45 In the latter case, the hypothetical

C6H5C(CH3)2O2
cyclo-C6HnO2

HO2

16.6
19.8
1.4
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compound ROOAm incorporates a weak N—O bond, and the
contribution of the triplet repulsion to £e,o is slight. Apart from
the triplet repulsion, the electronegativities of the atoms forming
the reaction centre of the transition state are also significant:45 the
higher the difference between the electronegativities of the atoms,
the lower the Ec,o activation barrier. In this respect, too, the
relationship between the C...H...N and O...H...N reaction centres
counts in favour of the latter: the electron affinities of the C and N
atoms are close to each other, whereas the electronegativities of
the O and N atoms are substantially different.

An evaluation based on the equations of the parabolic
model45 indicates that a reaction of the type (18) involving
phenoxyl radicals also requires no activation energy (in this case,
AHe > AHe,min = 57 kJ mol~ ')• However, the addition of RO2' to
the aromatic ring of the phenoxyl radical occurs very rapidly, so
that the rate constant for this reaction is determined by diffusion
processes." The data on the Ee,o values are also consistent with
this: for ArO' + HOOR reactions (the O...H...O) reaction centre
and for Am + HOOR reactions (the N...H...0 reaction centre),
these values are 45.3 kJ mol~' and 39.0 kJ mol~', respectively.46

At the same time, calculation of the pre-exponential factor in
terms of the parabolic model indicates that the rate constant fc_7
for the reaction of ROOH with the participation of amino radical
is several times higher than that for the reaction involving
phenoxyl radical, the enthalpies of these reactions being identi-
cal. Thus, the irreversible destruction of ArO' in its reactions with
HO2' and>C(OH)O2 occurs more rapidly than the conversion of
ArO' into ArOH, and the cyclic mechanism of chain termination
is not realised with phenols. An exception is provided by hydro-
quinones, which are considered below.

Aromatic amines also cause cyclic chain termination in the
oxidation of primary and secondary aliphatic amines (Table 1).
AmH is recovered from Am' via the reaction of Am' with the
N - H bond of the RCH(NHR')O2" peroxyl radical. Together with
AmH, the reaction yields the imine RCH = NR' and O2, i.e. a
process similar to reaction (23) occurs. The rapid occurrence of
this reaction involving primary and secondary amines is appar-
ently due to the fact that the triplet repulsion in this case is weak,
because a transition state of the N...H...N type is formed and the
energy of the dissociation of the N — N bond is substantially lower
than that for the N—C and C - C bonds. This can be seen from a
comparison of the Dc-c, -DN-N and D N - C dissociation energies
(see handbooks26-49):

RQ + R —*• RQR. (32)

Compound Dj kJ mol"

CH3-CH3
H2N-NH2
H2N-NHC6H5
CH3-NHC6H5

376
275
219
299
119

Cyclic chain termination with aromatic amines also occurs in
the oxidation of tertiary aliphatic amines (see Table 1). To explain
this fact, a mechanism of the conversion of Am' into AmH
involving the P-C — H bonds [reaction (29)] has been suggested;39

however, its realisation is hampered by its high activation energy.
Since tertiary amines have low ionisation potentials and readily
participate in reactions with electron transfer, the cyclic mecha-
nism in systems of this type is realised apparently as a sequence of
such reactions, similar to what occurs in the systems containing
complexes of variable-valence metals (see below).

IV. Cyclic chain termination with quinones in the
oxidation of alcohols and polymers
Quinones (Q) are well known as inhibitors of radical polymer-
isation; they terminate chains by adding alkyl radicals via the
following reactions 50

At the same time, quinones do not retard oxidation of
hydrocarbons, since alkyl radicals react very rapidly with oxygen
(see Section II) to give alkylperoxyl radicals, which scarcely react
with quinones. Quinones exhibit their inhibiting properties only in
the oxidation of polymers; the chain termination results from their
interaction with alkyl macroradicals,51 which is due to the specific
features of the oxidation of polymers in the solid phase and also
due to the fact that alkyl macroradicals react with O2 in a
polymeric matrix relatively slowly.3 Quinones decelerate the
oxidation of alcohols very effectively and for long periods by
ensuring cyclic chain termination via the following reactions16

>C(OH)OO' + Q —

>C(OH)OO' + HQ'

= O + O2 + HQ ' ,

C(OH)OOH + Q .

(33)

(34)

The processes of oxidation of cyclohexadiene, 1,2-substituted
ethenes, and aliphatic amines are decelerated by quinone or
hydroquinone by a similar mechanism. The values of the stoi-
chiometric inhibition coefficients and of the rate constants (/"and
k) for the corresponding reactions involving peroxyl radicals
[HO2\ >C(OH)OO\ and ^C(NHR)O2] are presented in
Table 2. The / coefficients in these reactions are relatively high,
varying from 8 to 70. Evidently, the irreversible consumption of
quinone in these systems is due to the addition of RO2 to the
aromatic ring of the quinone followed by the decomposition of the
resulting adduct.

The data on the deceleration of the oxidation of polymers
(polyethylene, polypropylene) by quinones deserve particular
attention.51 It has been noted above that benzoquinone, which
retards the initiated oxidation of polymers, behaves as a typical
acceptor of alkyl radicals. It decreases the rate of chain oxidation,
which obeys the following dependence:

In this case, the chain termination occurs stoichiometrically:
one quinone molecule terminates two chains.

However, when stilbenequinone is introduced into a prelimi-
narily oxidised polymer containing hydroperoxy-groups, a totally
different picture is observed.52 In this case, quinone acquires the
ability to repeatedly terminate the chains ( / = 20 in the oxidation
of polypropylene with a concentration of the hydroperoxy-groups
[POOH] = 0.13 mol kg"1 , T= 356K). The chain termination at
/"o, = 105 Pa occurs predominantly via the reaction with peroxyl
radicals. The increase in the efficiency of the retarding action of
the quinone is due to the fact that in the oxidised polypropylene
containing associated (J-OOH groups, the latter decompose to
give hydrogen peroxide, which serves as the source of the HO2
radicals and these radicals ensure cyclic chain termination via
interaction with quinones:52

OOH OOH

c c
H3C

PO2 + H2O2 —*- POOH + HO2",

Q + HO2' —*- QH + O2,

PO2 + HO2' —*• POOH + Q

CH2 CH3

(36)

(37)

(38)

R + Q RQ (31)

(PO2 is the peroxyl macroradical).
It is evident from Table 2 that quinones react rapidly with the

hydroperoxyl radicals. Calculation shows that the change in the
enthalpy in the reaction (33) is relatively small. The calculation
was based on the A//f data for quinone and hydroquinone49 and
on the Z>O-H value for hydroquinone53 (350.3 kJ mol~'). The
dissociation energy of the O —H bond in the 4-HOC6H4O'
semiquinone radical is 228.1 kJ mol""1. The dissociation energies
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Table 2. Inhibition coefficients and rate constants for the reactions of quinones and hydroquinones with RO2

termination.

InH

4-HOC6H4OH
4-HOC6H4OH
4-HOC6H4OH
4-HOC6H4OH
4-HOC6H4OH
4-HOC6H4OH
4-HOC6H4OH
4-OC6H4O
4-OC6H4O
4-OC6H4O
4-OC6H4O
4-OC6H4O
4-OC6H4O
4-OC6H4O
4-OC6H4O
QHsNCsHUO
Stilbenequinone

RH

cyclo-[N(CH3)(CH2)5]
N(CH2CH3)3

cyclo-C6H,,N(CH3)2

(CH3)2NCH2CH2N(CH3)2
CH3CON(CH2CH3)2

trans-C6H5CH = CHCOOC2H5

(ra«j-C6H5CH = CHQH 5

cyclo-[N(CH3)(CH2)s]
N(CH2CH3)3

cyclo-C6H,,N(CH3)2

(CH3)2CHOH
cyclo-[(CH = CH)2CH2CH2]
(CH3)2NCH2CH2N(CH3)2

(CH3)2N(CH2)3CH3

(CH3)2N(CH2)2OCOC(CH3)3 = CH2

(CH3)2CHOH
Polypropylene

RO2

RO2

RO2

RO2

RO2

HO2

HO2

RO2

RO2

RO2

RO2

RO2

HO2

RO2

ROi
HO2

RO2

HO2

r /K

323
313
323
313
348
323
323
323
313
323
344
348
313
323
323
343
365

in systems with a cyclic mechanism of chain

/

14
>20

20
—
10
15
15
8

>10
16
23
70
-
12
34
12
20

k/\04

dm3 mol~' s

3.2
14.0
7.2
0.7
0.94

14.0
0.3
4.0

29.0
2.7

29.0
-
1.0
4.2
1.6

20.0
-

Ref.
- 1

38
38
38
36
39
33
33
38
38
38
16
32
36
41
35
30
42

of the O —H and C —H bonds in the corresponding peroxyl
radicals42 and enthalpies of the reaction (33) are presented in
Table 3. It can be seen from this Table that the AH( value for
reaction (33) varies from -25 kj mol~' in the case of HO2 to
1.7 kJ mol~' in the case of hydroxycyclohexylperoxyl radical.
The activation energies for this reaction were calculated from the
equations of the parabolic model;45 parameters of a similar
reaction of phenoxyl radicals with hydroperoxide (.Ee,o=

45.3 kJ mol~', a = 1) were used for the calculation. The activa-
tion energies of these reactions were found to be relatively low and
equal to 14-26 kJ mol~'. The low activation barriers to these
reactions are accounted for by the fact that the transition state of
the O...H...O type arising in the reaction (33) is characterised by
the absence of the triplet repulsion, which makes a substantial
contribution to the activation energy in other reactions. For the
ArO' + ROOH reaction, the pre-exponential factor A is equal to
108 dm3 mol"1 s"1. Therefore, with allowance for the fact that
benzoquinone incorporates two reaction centres, we may take
A = 2 x 108 dm3 mol-1 s~> for the reaction (33).

Table 3 presents the results of the calculations of the rate
constants for reactions (33) involving HO2 and two hydroperoxyl
radicals. Comparison of the calculated and experimental values of
£33 can be carried out using the reaction of benzoquinone with the
peroxyl radical derived from isopropanol as an example. Accord-
ing to the data of Denisov,16 the k^flki ratio in this case at 344 K
is 9.4 litre05 mol~0 5 s""05, whereas the rate constant for the
disproportionation of two RO2 radicals is 1.1 x 109 dm3 mol"1

s - i 26 jjence we obtain £33 = 3.1 x 105 dm3 mol""1 s~'. The
theoretical calculation from the equations of the parabolic model
gives fc33 = 2 x l 0 8 e x p ( - 2 1 . 2 / ^ D = 1.2xlO5 dm3 mol"1 s"1

(344 K), i.e. a closely similar value. Thus, the calculation permits
the rate constants for reaction (33) to be evaluated with sufficient
accuracy.

The question arises as to why quinones terminate chains via
reaction (33) and not via reaction with the |3-C —H bond of the
alkylperoxyl radical:

(AH = 40-50 kJ mol"1). However, the fact that such reactions
proceeding via a transition state of the C...H...O type are
characterised by high thermally neutral activation energies E^o is
more significant. The difference between the £e,o values for
reactions involving an ArO' ...H...R transition state [an analogue
of reaction (39)] and an ArO'...H...OOR transition state [an
analogue of reaction (33)] amounts to 69.8—45.3 =
24.5 kJ mol"1. This accounts for the high activation energy for
reaction (39) involving the CeHs tCI^COi and cyclo-C6HnO2'
radicals (~74 and ~79 kJ mol"1 , respectively). If we take the
pre-exponential factor A to be equal to 2x 109 dm3 mol""1 s~',
then the rate constants for the reaction (39) will assume the values
given in Table 3. With the rate constants being so small, reaction
(39) cannot influence the oxidative chain termination via the
interaction of two RO2 radicals {the rate constant for the latter
is 105-107 dm3 mol""1 s"1;26 in these cases, the inequality
(2fc6i>i)05< 2fc39[Q] always holds}. What is the reason for such
high £c,o values and, hence, for the high activation energies
characteristic of the reactions involving transition states of the
O...H...C type? Comparison of reactions of various types has
shown that this is the strong triplet repulsion.45 It is this repulsion
that precludes rapid occurrence of reaction (39), as also in the
reactions involving amino radicals. In the case of aminoperoxyl
radicals (primary and secondary amines), the high rate of the
reaction

>C(NHR)O2 - HQ O2 (40)

is due to the low activation barrier £e,o, which is only 39 kJ mol~ [

for the N...H...O type transition state.46 This is explained by weak
triplet repulsion in compounds AmOOR and by an additional
attraction between the N and O atoms owing to their different

Table 3. Some energy and kinetic parameters of the reactions of
benzoquinone with the O —H [reaction (33)] and C —H bonds [reaction
(39)] of peroxyl radicals.

Q + H—C—C—OO - HQ C = O2 . (39)

The cleavage of the C — H and C - O bonds in the reaction (39)
is compensated to a substantial degree by the formation of the K-
C — C and O — H bonds of the semiquinone radical. Table 3
presents the AH values for the reaction (39) involving two
hydrocarbon peroxyl radicals C6Hs(CH3)2CO2 and cyclo-
C6HiiC>2. The reaction is endothermic in both cases

Peroxyl
radical

HO2

(CH3)2C(OH)O2

cyclo-C6Hio(OH)02

C6H5(CH3)2CO2

cyclo-C6HnO2

a k J m o l - ' ; b d m 3 m o l -

-DO-H

orZ>c-H ,a

203.4
219.9
229.8
270.0
280.3

' s - 1

AH,*

-24.7
-8.9

1.7
41.9
52.9

£ , a

13.7
21.2
26.0
73.6
78.9

A:(333 K)b

1.4 xlO6

9.5 x 10"
1.7x10"
3.4 xlO~2

3.4 x lO" 3
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Table 4. Rate constants for the reactions of alkylperoxyl radicals with alcohols (the method of selective inhibition).54

Hydrocarbon

cyclo-C6Hio
cyclo-C6Hio
cyclo-C6Hio
cyclo-C6Hio
cyclo-C6Hio
cyclo-C6Hio
CH3(CH2)14CH3

CH3(CH2),4CH3

CH3(CH2)14CH3

CH3(CH2),4CH3

CH3(CH2)14CH3

CH3(CH2)14CH3

CH3(CH2),4CH3

CH3(CH2),4CH3

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

[CH3(CH2)4COO(CH2)2OCH2]2

Alcohol

CH3OH
C2H5OH
(CH3)2CHOH
CH3(CH2)3OH
cyclo-C6HuOH
C6H5CH2OH
CH3(CH2)8CH2OH
CH3CH(OH)(CH2)5CH3

CH2(OH)CH2(OH)
[CH2(OH)CH2]2

CH2(OH)CH2CH(OH)CH3

CH2(OH)C(CH3)2CH2OH
CH3CH2C(CH2OH)3

O[CH2CH(OH)CH2OH]2

CH3(CH2)8CH2OH
CH3(CH2)7CH2OH
CH3CH(OH)(CH2)5CH3

CH2(OH)(CH2)2CH2OH
CH2(OH)CH2CH(OH)CH3

CH2(OH)C(CH3)2CH2OH
CH3CH2C(CH2OH)3

O[CH2CH(OH)CH2OH]2

CH3[CH(OH)]2CH3

r /K

313
333
333
333
333
333
404
404
404
404
404
404
404
404
404
404
404
404
404
404
404
404
404

/ t / d m 3 m o l - ' s"1

0.3
1.9
2.0
1.2
2.5
5.6
1.8 xlO2

2.3 x 102

78
87

1.2 xlO2

3.4 xlO3

9.4 xlO2

1.6 xlO3

22.5
23.0
22.5
14.0
15.6
1.2 xlO2

1.2 xlO2

71
27

E T Demsov

Ref.

53
53
53
53
53
53
54
54
54
54
54
54
54
54
54
54
54
54
54
54
54
54
54

electron affinities (as also in the case of reactions of amino radicals
with the O —H groups of the peroxyl radicals). (Apparently,
quinones react with the peroxyl radicals derived from tertiary
amines with transfer of an electron).

The selectivity of the reaction of benzoquinone with hydrox-
yperoxyl radicals and its inertness with respect to alkylperoxyl
radicals has been used for the development of an original method
for measuring the rate constants for the reactions of alkylperoxyl
radicals with alcohols.54 For this purpose, the initiated oxidation
of a mixture of a hydrocarbon and an alcohol is carried out in the
presence of benzoquinone. The latter is added in a concentration
that is high enough to ensure that all the hydroxyperoxyl radicals
derived from the alcohol react with it (are destroyed) and is low
enough to cause no noticeable chain termination via the reaction
of quinone with the alkyl radicals. This 'operating' range of the
benzoquinone concentrations is ( l - 10 )x 10~3 mol dm~3. The
rate constants for the reactions of a number of alkylperoxyl
radicals with alcohols found by this method are presented in
Table 4.

V. Cyclic chain termination mechanisms involving
nitroxyl radicals
Nitroxyl radicals react rapidly with alkyl radicals53 and efficiently
retard the radical polymerisation of hydrocarbons. At the same
time, only aromatic nitroxyls are capable of reacting with
alkylperoxyl radicals,53 and in this case the chain termination in
the oxidation of saturated hydrocarbons occurs stoichiometri-
cally. However, in the processes of oxidation of alcohols, alkenes,
and primary and secondary aliphatic amines in which the chain
reaction involves the HO2\ >C(OH)O2, and >C(NHR)O2' radi-
cals, respectively, nitroxyl radicals are capable of terminating the
chains repeatedly by a cyclic mechanism.30-32-40 For example,
chain termination in the oxidation of alcohols occurs via the
following reactions

inhibitor — AmO' and AmOH.38 The kinetic characteristics of
this mechanism are presented in Table 5.

Let us try to account for the rapidity of reactions (41) and (42).
The disproportionation of radicals (41) is an exothermic reaction.
For example, the enthalpies of disproportionation of 2,2,6,6-
tetramethylpiperidinoxyl with HO2', (CH3)2C(OH)O2, and
cyclo-C6Hio(OH)02' are -109, -92 ,and - 8 2 kJ mol-',respec-
tively. The £e,o value for the abstraction of an H atom from the
O —H bond in ROOH by a nitroxyl radical is 45.6 kJ mol""1 and
is matched by the value A//e,min = — 58 kJ mol"1. Since
AH<AHe,ma, the activation energy E~0.5RT for these reac-
tions is low,48 and the rate constant is correspondingly high.
Therefore, in the systems in which hydroperoxyl and hydroxyper-
oxyl radicals participate in the chain propagation, the cyclic chain
termination mechanism is realised.

The reactions of disproportionation of nitroxyl and alkylper-
oxyl radicals are also exothermic. For example, 2,2,6,6-tetra-
methylpiperidinoxyl abstracts an H atom from the P-C — H bond
of cumylperoxyl and cyclohexylperoxyl radicals. The enthalpies of
these reactions are —42 and — 32kJmol~ ' . The activation
energy for the radical abstraction CEe,o) for the AmO' + RH
reaction is 58 kJ mol""1, and the corresponding A//e,min value is
—125 kJ mol"1;42 that is, A/fe,min substantially exceeds AH in
magnitude. Thus, both reactions under consideration

AmO' + RO2 • -AmOH + O2 + R _ H ,

AmO' + H O 2 -

AmOH + HO2

-AmOH + O 2 ,

«-AmO' + H2O2 .

(41)

(42)

Reaction (41) is the rate-determining stage. During the oxidation a
kinetic equilibrium is established between the two forms of the

should require appreciable activation energies. According to a
calculation,42 for the reaction of AmO" with C6H5(CH3)2CO2',
E = 23.7 kJ mol-1 and k = 1.1 x 106 dm3 mol"1 s-", and for
the reaction of AmO' with cyclo-C6HnO2', E = 21A kJ mol"1

and A: = 2.0 x 105 dm3 mol""1 s~'. The recombination of nitroxyl
radicals with alkyl radicals proceeds as a rule much more
rapidly.53

Why are the EttO values in the reactions of nitroxyl radicals
with O — H bonds lower than those in their reactions with C — H
bonds? As in the case of disproportionation of RO2 with amino
radicals, the low Ee,o values are accounted for by triplet repul-
sion.57 When a transition state of the O...H...O type is formed (the
AmO' + HO2 reaction), the triplet repulsion is close to zero,
because the O — O bond in the labile compound AmOOH is very
weak. Conversely, the triplet repulsion in the reaction of AmO'
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Table 5. Some kinetic characteristics of the cyclic mechanism of the chain termination on nitroxyl radicals in the oxidation of alcohols and amines.

Inhibitor

(4-CH3OC6H4)2NO'

CH3

( N O •

f"~CH3
CH3

Substrate

(CH3)2CHOH

CH3CON(CH2CH3)2
[CH3(CH2)3]2NH
cyclo-C6HnNH2

cyclo-C6HnOH
C6H5CH2NH2

lrans-C6HsCH = CHCOOC2H5

trans-C6UsCH = CHCOOCH3

CH3CON(C2H5)2

trans-C6HsCH = CHC6H5

cyclo-C6HnNH2

(CH3)2C = CHC(O)CH3

[CH3(CH2)3]2NH
C2H5OCOCH = CHCOOC2H5

RO2

RO2

RO2

RO2

RO2

RO2

RO2

HO2

HO2

RO2

HOi
RO2

HOi
RO2

HO2

CH2 = C(CH3)COOCH2CH2N(CH3)2 RO2

CH3CH2COOCH2CH2N(CH3)2

cyclo-[(CH2)5NCH3]
(CH3CH2)3N
cyclo-C6HuN(CH3)2

C6H5CH2NHCH3

RO2

RO2

RO2

RO2

RO2

r/K

343
348
348
348
348
338

323
323
348
323
348
323
348
323
323
323
323
313
323
323

f

50
30

100
100
50

140

>100
>100

50
>100

200
> 100

160
> 100

30
10
90
25
92
16

fc/104

dm3 mol~' :

—

3.5
21.0

8.1
8.4

34.0

19.0
12.0
1.3
3.2
2.4
2.2

14.0
1.2
2.6
0.2
7.2

57.0
18.0
4.2

Ref.
5 - '

30
39
39
39
39
39

33
33
39
33
39
33
39
7
35
7
39
39
39
39

CH

CH

O

C,7H35CO'

H3C CH3

X°-N-%^°
H3C

4
CH3

C6H5

H3C "7 PCH3

rra/w-C6H5CH = CHCOOC2H5

cyclo-C6HnNH2

[CH3(CH2)3]2NH
(CH3)2NCH2CH2N(CH3)2

C6H5CH2NH2
CH2 = C(CH3)CO2CH2CH2N(CH3)2

CH3(CH2)3N(CH3)2
CH3CH2CO2CH2CH2N(CH3)2

cyclo-C6HuOH

cyclo-C6HiiNH2

[CH3(CH2)3]2NH
C6H5CH2NH2

cyclo-C6HiiNH2

[CH3(CH2)3]2NH
Polypropylene

Oxidized polypropylene

cyclo-C6H,,NH2
[CH3(CH2)3]2NH
C6H5CH2NH2
cyclo-C6HnOH

cyclo-C6HnNH2

[CH3(CH2)3]2NH

HO2 323 >100

HO2 388 >40

RO2
RO2
RO2

RO2

RO2

RO2

348
348
338
348

348
348

14.0 33

ROi
RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2

RO2
RO2

RO2, R

348
348
313
338
323
323
323
348

348
348
338

348
348
387

100
100
>4
100
70
80
10

120

_

-

—
14

2.8
15.2
1.3
7.9
0.8
5.6
0.3

21

3.0
12.6
19.0

2.5
16.6

39
39
36
39
35
39
7
40

40
40
40

40
40
17

56

0.7
6.6
7.2
5.9

0.9
9.4

40
40
40
40

40
40

) (
H3C CH3
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with the C - H bond is fairly great, due to the high dissociation
energy of the AmO —R bond. This accounts for the difference
between the activation energies and between the rate constants for
the reactions considered above. Thus, the possibility of the
realisation of a cyclic chain termination mechanism in the
reactions of Am' and AmO" with peroxyl radicals, incorporat-
ing O — H groups, is caused by the weak triplet repulsion in the
disproportionation reactions in which the corresponding inhibitor
(AmH or AmOH) is recovered.

HO2 radicals are also generated in the oxidation of polymers,
in particular, in the oxidation of polypropylene,58 when intra-
molecular chain transfer affords associated hydroperoxy-groups.3

The thermal decomposition of the latter yields H2O2, which reacts
with peroxyl macroradicals and thus generates the HO2 radicals,
which are responsible for the cyclic chain termination via
reactions (41) and (42).52-58

The nitroxyl radicals also participate in other cyclic mecha-
nisms of chain termination. One of these mechanisms involves
alternation of reactions involving the R' and RO2 radicals. This
mechanism has been discovered in a study of the retarding effect of
2,2,6,6-tetramethyl-4-benzoylpiperidin-iV-oxyl on the initiated
oxidation of polypropylene.17 It has been shown17-59-60 that the
nitroxyl radical terminates the oxidation chain by reacting with
the alkyl macroradical of polypropylene being oxidised. The
resulting compound AmOR is fairly reactive with respect to the
peroxyl radicals AmO being regenerated in this reaction. Thus,
the cycle includes the following two reactions (mechanism I):59"62

R + AmO —*• ROAm ,

RO2' + ROAm—»AmO' + ROOH + Y,

(43)

(44)

where Y is a polypropylene macromolecule with a double bond
formed by the abstraction of the H atom from the p-C —H bond
and by the cleavage of the O — N bond in ROAm. This conclusion
was confirmed later in a study of radiation-induced chemical
oxidation of octane;63 in this work, AmOR was identified as a
reaction product.

The ether AmOR is thermally unstable. At elevated tempera-
tures it dissociates with cleavage of the R — O bond, which leads to
the appearance of an [Am + R' ] radical pair in the cage of the
polymer or of the hydrocarbon being oxidised; disproportiona-
tion of this radical pair gives hydroxylamine and an alkene. The
peroxyl radical reacts rapidly with hydroxylamine thus regener-
ating the nitroxyl radical. This scheme was suggested and justified
in a number of papers.64" 68 The cyclic mechanism (II) includes the
following stages:

R' + AmO' —*• ROAm ,

ROAm —*- [R' + AmO' ],

[R' + AmO] —*~ AmOH + Y,

AmOH + RO2 —*• AmO' + ROOH.

(43)

(45)

(46)

(47)

The fact that hydroxylamine has been found among the
products of the transformations of nitroxyl during the oxidation
of hydrocarbons is evidence in support of this mechanism. Both
mechanisms described above are realised in parallel and supple-
ment each other. The result of the competition between them
depends primarily on the temperature, since the thermal decom-
position of the product ROAm requires a fairly high activation
energy. The problem of the competition between the mechanisms I
and II of cyclic chain termination has been considered by
Denisov.21 In the case of the oxidation of polypropylene at the
initiation rate v, - 10~7 mol kg"1 s~' and for [O2] =
[AmO'] = 10~3 mol kg"1 , the ratio of the rates of chain termi-
nation via reactions (44) and (46) varies as a function of the
temperature in the following way:62

77 K

It is obvious that when the temperature is not very high and
the ether AmOR is stable, the mechanism I predominates, that is,
the regeneration of AmO' from AmOR is ensured by the reaction
of AmOH with the peroxyl radical. At higher temperatures, when
AmOR becomes unstable, the mechanism II predominates. It
should be taken into account that only some of the radical pairs
formed upon decomposition of ROAm disproportionate giving
AmOH and an alkene. The remaining radical pairs pass into the
bulk, and the radical R' reacts with O2 to give RO2 and thus
initiate a new oxidation chain. Hence, the regeneration of AmO'
from AmOH is inevitably accompanied by the initiation of the
process, which certainly decreases the efficiency of the inhibition.

As the oxidation of the polymer proceeds and hydroperoxyl
groups which decompose to give H2O2 accumulate, the cyclic
chain termination mechanisms involving the HO2 radical [reac-
tions (41) and (42)] become more significant. Below we present the
results illustrating the relative efficiency of the chain termination
mechanisms involving the R' and RO2' radicals (mechanisms I
and II), on the one hand, and the mechanism involving the HO2
radicals, on the other hand, obtained for the oxidation of
polypropylene.62 Polypropylene was oxidised at 388 K and
Po, = 105 Pa in the presence of an initiator (cumyl peroxide) and
with an inhibitor (2,2,6,6-tetramethyl-4-stearylpiperidin-./V-
oxyl),56 the consumption of which was monitored by EPR. The
inhibiting activity was characterised by the coefficient

/ = • "

uAm0

where v; and i>AmO- are the initiation rate and the rate of
consumption of the nitroxyl radical, respectively, and by the
parameter F:

where i>o and u are the rates of oxidation of the polymer without an
inhibitor and with the inhibitor AmO', respectively. The para-
meter F characterises the efficiency of AmO' as an inhibitor
terminating the chains. In experiments on the oxidation of
polypropylene containing no hydroperoxy-groups the following
values were found: / = 4 and F = 7 kg mol"1, whereas for the
oxidation of polypropylene that had been preliminarily oxidised
and contained 4.12 x 10~2 mol kg"1 of hydroperoxy-groups,
these parameters were:/= 40 and F = 1060 kg mol"1.

Thus, there is a clear dissimilarity between the cyclic chain
termination mechanism involving only R' and RO2 radicals and
the mechanism involving HO2 radicals produced from H2O2.

Recently, a new cyclic mechanism of chain termination by
nitroxyl radicals, including the formation of amino radicals as
intermediate species, has been found.69'70 It was shown that the
addition of 4,4'-dioctyldiphenylnitroxyl radical to hexadecane
being oxidised (T = 433 K) leads to the formation of the corre-
sponding diphenylamine as an intermediate compound during its
transformations. The following cyclic mechanism of chain termi-
nation was suggested:

AmO' + R' AmOR,

AmOR —*~ [Am' + R O ] —*~ AmH + Y,

RO2' + AmH —*~ ROOH + Am',

RO2 + Am' RO' + AmO'.

(43)

(48)

(49)

(50)

A specific feature of this mechanism is the reaction (48), in
which AmOR cleaves at the N—O bond rather than at the C —O
bond as observed for the inhibition by alicyclic nitroxyl radicals.
An alternative mechanism of the regeneration of the amino radical
from the nitroxyl radical is also possible:

350
50.0

365
9.55

380
2.14

388
1.00

400
0.33

420
0.029

AmO' + RO2' [Am'

AmH

O2 + R O ] -

R' = O + O 2 .

(51)
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In this case, the cyclic chain termination mechanism can be
realised only with participation of peroxyl radicals.

RO2

RO2'

RO2"

+ AmH —*~

+ A m ' — * -

+AmO' — »

ROOH

RO +

• AmH

+ Am ,

AmO',

+ R' = O H

(49)

(50)

(51)

Thus, nitroxyl radicals can participate in various cyclic
mechanisms of chain termination. In the oxidation of alcohols,
peroxides, and amines, when peroxyl radicals possess both
oxidising and reducing ability, the cyclic mechanism of chain
termination includes reactions of peroxyl radicals with AmO" and
AmOH. The cyclic mechanism occurring under the conditions of
polymer oxidation includes the R' + AmO' and RO2 + AmOR
reactions. At elevated temperatures AmOR becomes thermally
unstable, and the mechanism that includes homolysis of AmOR at
the C—O or N—O bonds with the generation of AmO' (AmOH)
or Am' (AmH) radicals is realised.

VI. Cyclic chain termination mechanisms involving
acid catalysis

We have by no means described all the cyclic mechanisms of chain
termination involving nitroxyl radicals. A new interesting branch
of modern antioxidant chemistry deals with cyclic mechanisms
involving acid catalysis. The first inhibiting system of this type was
discovered in 1988.18 It consisted of an alcohol (primary or
secondary), a stable nitroxyl radical (2,2,6,6-tetramethylpiperi-
din-N-oxyl), and an organic (citric) acid. This three-component
system effectively retarded the initiated oxidation of ethylbenzene.
Each component taken by itself and binary combinations of these
components did not retard oxidation of ethylbenzene or retarded
it only slightly. Intense chain termination was ensured only by the
presence of all three components of this system.

The important role of the acid was established in experiments
on the oxidation of ethylbenzene containing an alcohol and
nitroxyl radicals, when air or air mixed with gaseous HC1 was
passed through the reactor. The concentration of the peroxyl
radicals in the hydrocarbon being oxidised was determined by the
chemiluminescence method. The intensity of chemiluminescence
was evaluated in terms of / ~ [RO2 ]2 ~ of /2kt, where kt is the rate
constant for the disproportionation of RO2. When a mixture of
air with H O was used, the intensity of the chemiluminescence
decreased by approximately two orders of magnitude.18

The H2O2 + AmO' (2,2,6,6-tetramethylpiperidin-iV-oxyl) +
HA (citric acid) system also exhibits an extremely high inhibiting
effect. The data presented below demonstrate how the individual
components of this system and the whole system influence the
rate of the chain oxidation of ethylbenzene (343 K, Po, — 105 Pa,
oi = 5.21 x 10-7mol dm" 3 s"1):71

[AmO']/10-4

mol dm"3
[HA] /10-4

mol dm~3
[H2O2]/10-3

mol dm~3
u/10"6

mol dm~3 s~'

0
0
0
2.5

4.92
3.78
3.00
0.22

It can be seen that complete termination of the chain process is
ensured only by the three-component system.

The very effective retardation of the oxidation of the hydro-
carbon by this system can be explained in terms of the following
mechanism:71-72

AmO' + HA = ^ [AmOH+',A-], (52)

RO2 + [AmOH+',A-] —*• ROOH + [AmO+,A-], (53)

[AmO + , A"] + H2O2 —*• AmOH + HA + O2, (54)

ROi + AmOH —*• ROOH + AmO'. (47)

According to this mechanism, H2O2 is consumed during
oxidation of hydrocarbons at a rate of \ Oi, whereas the rate at
which nitroxyl radicals are consumed via the reaction (46) is much
lower. Only a small portion of the R' radicals react with AmO',
since the latter react very rapidly with oxygen. The kinetic
characteristics of the inhibited oxidation are fully consistent with
the suggested scheme for the cyclic chain termination. When the
concentration of H2O2 is relatively low, the chain termination rate
is limited by the stage (54), and then the function F assumes the
following form:71

F=2
ki6 + ̂ 54*52 [Amp'] [HA]

(2/c.Ui)0-5
[H2O2

If the concentration of H2O2 is large, the stage (54) occurs
rapidly and the reaction (53) becomes the rate-limiting stage of the
cyclic chain termination. Under these conditions

*g[AmO][HA]
F ..

The mechanism of chain termination consisting of the reac-
tions (47), (52), (53), and (54) is notable because the acid
protonates nitroxyl and thus converts it into a donor of hydrogen
atom for the peroxyl radical, while hydrogen peroxide reduces the
AmO+ cation to hydroxylamine, which reacts rapidly with RO2 .
Thus, the acid and hydrogen peroxide transform AmO', which is
unreactive with respect to RO2', into AmOH+ and AmOH, and
the latter inhibit effectively the oxidation of hydrocarbons.

Recently an analogous mechanism for cyclic chain termina-
tion has been proposed for quinones.73 Quinones, which can act as
acceptors of alkyl radicals, do not decelerate the oxidation of
hydrocarbons at concentrations of up to 5x 103 mol dm~3,
because the R radicals react very rapidly with oxygen. How-
ever, the ternary quinonemonoanilide (Q) + H2O2 + acid (HA)
system effectively retards the initiated oxidation of methyl oleate
and ethylbenzene.73 This is indicated by the following results
obtained for the oxidation of ethylbenzene (343 K, POl = 105 Pa,
Oi = 5.21 x 10-7 mol dm" 3 s"1).

[Q]/10-4

mol dm~3
[H2O2]/10-3

mol dm~3
[HA]/104

mol dm~3
u/10"7

mol dm~3 s~'

0
5.0
0.0
0.0
5.0
5.0

0
0.0
1.25
0.0
1.25

12.5

0
0
0
5.0
5.0
5.0

4.92
3.01
3.27
3.93
2.39
0.69

The following mechanism, analogous to the mechanism
involving nitroxyl radicals, has been suggested for the retarding
influence of this system:

Q + HA =P±= [QH + , A ~ ] ,

RO2 + [QH + ,A~] —»-ROOH + [Q + ' , A

[Q + ' ,A~] + H2O2 —»-QH + O2 + HA,

RO2 + QH' —>-ROOH + Q,

[ Q + ' , A - ] + RH —»-R' + HA + Q .

(55)

(56)

(57)

(58)

(59)

In conformity with this mechanism, the function F depends on the
concentrations of the components of the inhibiting mixture in the
following way:

F = •
2K55k56k51[Q] [H2O2] [HA]

\0.5
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Experimental data on the kinetics of oxidation of methyl
oleate and ethylbenzene are in good agreement with the scheme
consisting of the reactions (55)-(59).

The cyclic mechanism of chain termination with quinone
imines involving acid catalysis is very important for an under-
standing of the retarding influence of aromatic amines on the
oxidation of hydrocarbons and of other organic compounds via
the reaction (28). Hydrogen peroxide arises during the oxidation
of alcohols due to the decomposition of RO2 to yield HO2 and
ketone and due to the decomposition of ^C(OH)OOH giving
ketone and H2O2. In addition, H2O2 is formed in the hydrolysis of
alkyl hydroperoxide through the action of water or acids, which
also arise in the system during oxidation of hydrocarbons. Thus,
two of the three components needed for the realisation of the
cyclic chain termination mechanism involving acid catalysis result
from the oxidation of the hydrocarbon, while the third compo-
nent — quinone imine — results from the oxidation of the start-
ing inhibitor (amine). It is possibly owing to this mechanism that
aromatic amines exhibit high inhibiting capacity during oxidation
at elevated temperatures (>400 K).

VII. Ions and complexes of variable-valence metals
as catalysts for chain termination in the oxidation
of alcohols, amines, and alkenes
Compounds of variable-valence metals (Mn, Fe, Co, Ce) are well
known as catalysts for oxidation of hydrocarbons and aldehydes.
They accelerate oxidation by destroying hydroperoxides and
initiating the formation of free radicals.9 Salts and complexes
containing transition metals in a lower valence state react rapidly
with peroxyl radicals and so when these compounds are added to a
hydrocarbon prior to its oxidation an induction period arises.9

The chain termination occurs stoichiometrically (f~ 1) and stops
when the metal passes to a higher valence state due to oxidation.
On the addition of an initiator or hydroperoxide the induction
period disappears.

Another situation is observed when salts or complexes of
metals with variable valence states are added to an alcohol
(primary or secondary) subjected to oxidation: in this case, a
prolonged deceleration of the initiated oxidation occurs, owing to
repeated chain termination. This was discovered for the first time
in relation to the oxidation of cyclohexanol in the presence of a
copper salt.15 Copper and manganese ions also exert a decelerat-
ing influence on the initiated oxidation of cyclohexadiene,32

aliphatic amines,-19 and 1,2-disubstituted ethenes.33 This is
accounted for by the dual redox nature of the peroxyl radicals
HO2\ ^C(OH)O2\ and >C(NHR)O2\ and by the ability of ions
(complexes) of heavy metals to accept an electron when they are in
a higher valence state, and to release an electron when they are in a
lower valence state, for example:

C(OH)O2

C(OH)O2"

+ Cu2+

+ Cu1 +

—»Oc=o + o2 -
—»->C(OH)OO- H

(- H + -

- Cu2+

1- Cu1 + , (60)

(61)

Table 6 presents the results of a kinetic study of the reactions
(60) and (61). Copper and manganese compounds exhibit the
highest inhibiting activity. The chain termination on variable-
valence metals in the systems in which hydroperoxyl and hydroxy-
peroxyl radicals act as the chain-propagating species is charact-
erised by very large coefficients:/^ 104-106.

Both reactions (60) and (61) may include several stages. If an
aqueous solution of a copper salt, for example sulfate, is used, the
following mechanism involving the incorporation of RO2 into
the inner coordination sphere of the metal ion is possible for the
reaction (60):

>C(OH)O2

>C(O2)OHCua
2+ + H2O

<

>C(O2)O-C<

Cu£ + o2 ,

H3O+

Cu',

(62)

(63)

(64)

(65)

In the case of metal complexes with strongly bound ligands,
the outer-sphere transfer of an electron from the radical to the ion
and back is more probable.

When variable-valence metals are used as catalysts in the
oxidation of hydrocarbons, the chain termination via reactions
(60) and (61) manifests itself late in the process. This case has been
specially studied in relation to the oxidation of paraffins to fatty
acids in the presence of a K - M n catalyst,80 which ensures a high
oxidation rate and a high selectivity of formation of the target
product. As the reaction proceeds, alcohols are accumulated in the
reaction mixture, their oxidation being accompanied by the
formation of hydroxyperoxyl radicals. The more extensively has
the oxidation proceeded, the higher is the concentration of
alcohols in the oxidised paraffin, and, hence, the higher is the
kinetically equilibrium concentration of these radicals. The latter
enter into reactions resembling the reactions (60) and (61) with
Mn z + and Mn3+ ions and thus cause chain termination. When

Table 6. Rate constants for the reactions of metal salts and complexes with peroxyl radicals in systems with a cyclic mechanism of chain termination.

Metal complexa Substrate 77 K fc/dm3 mol~' s" Ref.

Mn(CO2CH3)2

Mn(CO2CH3)2

Mn(CO2CH3)2
Mn(CO2CH3)2

Mn(CO2CH3)2

Mn(CO2CH3)2

Mn(CO2CH3)3

MnSt2

MnSt2

MnSt2

MnSt2

MnSt2

Mn(Acac)2

MnEN(Sal)2

FeSt3

FeSt3

Fe(Acac)3

Fe(DMG)2Py2

Fe(DMG)2Py2

CoCl2

(C4H,)2NH
(CH3)2NCH2CH2N(CH3)2

cyclo-C6HHNH2

C6H5CH2NH2

CH2 = C(CH3)C(O)OC2H4N(CH3)2

C3H7OCOC2H4N(CH3)2

CH2 = CHCOOC2H4N(CH3)2

cyclo-CeHg
cyclo-CeHnOH
(C4H,)2NH
cyclo-C6HiiNH2

CH3CON(C2H5)2

cyclo-C6HuNH2

cyclo-C6H,iNH2

cyclo-C6H,,OH
cyclo-C6H,,NH2

cyclo-C6HnNH2

cyclo-C6Hg
(CH3)2CHOH
cyclo-C6Hi,OH

348
313
348
338
323
323
323
348
348
348
348
348
363
348
348
348
348
348
344
348

2.5 xlO6

1.1 xlO6

7.3 x 10'
2.8 xlO8

1.2 x 10'
1.5x10'
1.2x10'
1.9 xlO6

6.8 x 106

3.5 xlO6

1.6 xlO8

7.8 xlO5

9.8x10'
3.1xlO8

1.3x10"
1.2 xlO6

1.0 xlO5

2.3 xlO3

1.0 xlO3

6.1 x 10"

39
36
40,74
40
35
7
35
32
75
40,74
40,74
39
76
76
75
39,40
39,40
77
78
39
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Table 6 (continued)

Metal complex Substrate T/K Ref.

Co(CO2CH3)2

CoSt2

CoSt2

Co(III)(Acac)3

Co(Acac)2

Co(Acac)2

Co(Acac)3

Co(C6H,,C02)2
Co(II)(DMG)2NH3Cl
Co(II)(DMG)2NH3Cl
Co(II)(DMG)2NH3I
Co(II)(DMG)2NH3I
Co(II)(DMG)2PyI
Co(II)(DMG)2Py2

Co(EN)(Slm)2
Co(II)Prf
Ni(Sal)2

Ni(Sal)2

NiEN(Slm)2

NiEN(Slm)2

NiEN(Slm)2

NiEN(Slm)2

NiENSlmTln
CuSO4

CuCl2

CuCl2

CuCl2

Cu(CO2CH3)2

Cu(CO2CH3)2

Cu(CO2CH3)2

Cu(CO2CH3)2

Cu(CO2CH3)2

Cu(CO2CH3)2

CuSt2

CuSt2

CuSt2

CuSt2

CuSt2

CuSt2

Cu(Acac)2

Cu(Acac)2
Cu(DMG)2

Cu(DMG)2

Cu(DMG)2

Cu(Sal)2

Cu(Sal)2

Cu(DPG)2

Cu(DMG)2

Cu(4-NO2-Slm)2

Cu(Slm)2

Cu(4-HO-Slm)2

Cu(4-CH3O-Slm)2

CuEN(Slm)2

CuEN(Slm)2

Cu(EN)2(Slm)2

Cu(EN)3(Slm)2

CuC6H4(Slm)2

CuC6H4-C6H4(Slm)2

Cu(II)Prf
CuPrf
CeSt3

CeSt3

cyclo-C6Hi]NH2
cyclo-C6Hi,OH
cyclo-C6H,,NH2

(CH3)2CHOH
cyclo-C6HnOH
cyclo-C6H,iNH2

cyclo-C6HnNH2

cyclo-C6HnOH)
cyclo-C6H8

(CH3)2CHOH
cyclo-C«H8

(CH3)2CHOH
(CH3)2CHOH
(CH3)2CHOH
cyclo-C6HHOH
cyclo^HuOH
C8H,7OH
cyclo-C6HuNH2
C8H17OH
cyclo-C6HiiNH2

C8Hi70H
cyclo-C6HnNH2

cyclo-C6HnNH2

cyclo-C6HnOH
trans-C(,H5CH = CHCOOC2H5

trans-C6H5CH = CH = CHCOOCH3

rranj-C6H5CH = CHC6H5

C6H5CH2NH2

C3H7COOC2H4N(CH3)2

C4H9N(CH3)2

C6H5CH = CHCOOC2H5
C6H5CH = CHCOOCH3

C6H5CH — CHC6H5
cyclo-CeHg
cydo-CeHnOH
(C4H9)2NH
cyclo-C6HnNH2

cyclo-C6HnNH2

(CH3)2NCH2CH2N(CH3)2
C6H5CH2NH2
cyclo-C6HnNH2

cyclo-C6H8

cyclo-C6H8

(CH3)2CHOH
cyclo-C6H8

(CH3)2CHOH
(CH3)2CHOH
(CH3)2CHOH
cyclo-C6H,iNH2

cyclo-C6H,iNH2

cyclo-C6HuNH2

cyclo-CsHnNHs
cyclo-C6HnNH2

cyclo-C6HnNH2

cyclo-C6HnNH2

cyclo-C6HiiNH2

cyclo-C6HiiNH2

cyclo-C6HnNH2

cyclo-C6HnNH2

C6H5CH2NH2

cyclo-C6HnOH
cyclo-C6HnNH2

348
348
348
344
348
348
348
348
348
344
348
344
344
344
348
348
363
353
363
353
363
353
353
348
323
323
323
338
323
323
323
323
323
348
348
348
348
348
313
338
348
348
348
344
348
344
344
344
363
363
363
363
348
363
348
348
348
348
348
338
348
348

1.2 xlO5

2.8 xlO5

3.2x10"
2.9 xlO2

6.4 xlO6

6.4x10"
6.3 x 10"
8.7x10"
8.4 xlO2

5.0 xlO3

2.3 x 10"
3.1 xlO2

7.0 x 10"
1.2x10"
3.3 xlO5

3.6x10"
1.6x10"
2.8 x 10"
7.9 xlO3

1.5x10"
3.5x10"
6.6x10"
1.7 xlO5

8.8 x 106

5.9 xlO5

5.6 xlO5

2.6 xlO5

1.5 xlO8

1.3 xlO7

1.0 xlO7

2.2 xlO5

4.5 xlO5

5.3 xlO5

1.9 xlO6

2.9 x 106

4.1 xlO6

9.5 xlO7

1.0 xlO7

2.7 xlO5

1.3 xlO6

7.2 xlO5

1.3 xlO5

1.5 xlO5

5.0 x 105

1.7 xlO5

1.2 xlO5

5.9x10"
3.7x10"
2.8 xlO8

1.4 xlO8

9.2 xlO7

1.1 xlO8

7.5 xlO7

3.6 xlO7

4.7 x 106

7.9 xlO5

7.9 x 106

2.6 x 106

7.3 x 105

1.5 xlO6

1.1 xlO5

8.6 xlO5

39,40
75
40
78
40
40
40
39
77
78
77
78
78
78
76
76
76
76
76
76
76
76
76
15
33
33
33
39
79
79
33
33
33
77
75
40
39
76
36
39
39
77
77
78
77
78
78
78
76
76
76
76
76
76
76
76
76
76
39
39
75
39

a Notation: AcacH — acetylacetone, StH — stearic acid, DMGH — dimethylglyoxime, SlmH — salicylaldoxime, 4-X-SlmH — 4-X-salicylanilide,
ENSlm — o-salicylalethenediimine, ENH2—ethylene diamine, TlnH — toluidine, SalH — salicylic acid, Prf— porphyrin, DPGH —diphenylglyoxime.
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the rate of chain termination with the hydroxyperoxyl radicals
becomes equal to the rate of generation of the chain-propagating
radicals, the oxidation virtually ceases.

The oxidation of alcohols is also retarded by bases,8'"83 which
is apparently due to the decomposition of the hydroxyperoxyl
radical giving ketone and superoxide ion OJ ' :

B" O2" + BH. (66)

The superoxide ion cannot continue the chain and is destroyed
via disproportionation with RO2.

VIII. Conclusion
Studies of the mechanisms of cyclic chain termination in oxidation
processes carried out for three decades have demonstrated on the
one hand that they are extremely diverse and, on the other hand,
that they are highly structurally selective. The 19 currently known
mechanisms, which are presented in Table 7, can be divided into
three groups.

The first group includes mechanisms with the participation of
such inhibitors as aromatic amines, nitroxyl radicals, quinones,
and compounds of variable-valence metals (Mn, Fe, Co, Cu, Ce).
These inhibitors or, more precisely, the inhibiting pairs (AmH and
Am', Q and QH', AmO' and AmOH, and M"+ and M"+1)

retard oxidation only provided that the chain is continued by the
HO2", ̂ C(OH)O2", or >CH(NHR)O2' radicals. The latter dispro-
portionate very rapidly with hydrogen atom acceptors such as
Am', AmO', or Q. This leads to the recovery of the reduced form
of the inhibitor, which again reacts rapidly with a peroxyl radical;
this ensures the effective chain termination. The number of cycles
is determined by the ratio of the rate of the reaction of the peroxyl
radical, in which the inhibitor is recovered, to the rate of its
irreversible consumption. The direction of the transformation of
RO2 is largely determined by the nature of the reaction centre of
disproportionation. Analysis has shown that the triplet repulsion
in the transition state of an elementary step of the regeneration of
the inhibitor by the peroxyl radical needs to be very weak. It is also
essential that the atoms between which the electron transfer occurs
(for example, N and O) should differ in electron affinity. Thus, the
structure of the peroxyl radical is the crucial factor for the
mechanisms of the first group.

The second group of mechanisms, by which the inhibitors
(nitroxyl radicals) are recovered, involves successive participation
of the R' and RO2 radicals in the reactions with AmO' and
AmOH. The possibility of the realisation of these mechanisms
depends on the conditions of the oxidation, which should ensure
fairly rapid interaction of the alkyl radicals with AmO', and this
requires that the reaction of R' with oxygen does not occur very
rapidly. This requirement is fulfilled in the oxidation of solid

Table 7. Cyclic mechanisms of chain termination in the liquid-phase oxidation of organic compounds.

Inhibiting system

AmH, Am"

AmH, Am"

AmH, Am'

AmO", AmOH

AmO", AmOH

AmO", AmOH

Q,HQ

Q,HQ

Q,HQ

Mn + , M n + 1

M - . M -

M - . M -

AmO , AmOR

Radical

HO2'

>C(OH)O2

>C(NHR)O2'

HO2

>C(OH)O2

>C(NHR)O2'

HO2

>C(OH)O2'

>C(NHR)O2'

HO2

>C(OH)O2

>C(NHR)O2'

R ' ,RO2

Mechanism

HO2 + AmH —*- H2O2 + Am',
Am' + HO2 — - AmH + O2

>C(OH)OO' + AmH — O C ( O H ) O O H + Am'
>C(OH)OO' + Am' —»->C = O + O2 + AmH

>C(NHR)OO' + AmH —»>C(NHR)OOH+ Am'
>C(NHR)OO' + Am' — > O C = NR + O2 + AmH

AmO' + HO2 —*- AmOH + O2

AmOH + HO2 —*- AmO' + H2O2

>C(OH)OO' + AmO' —+• >C = O + O2 + AmOH
>C(OH)OO' + AmOH —*• >C(OH)OOH+ AmO'

>C(NHR)OO + AmO' —*~ >C = NR + AmOH
>C(NHR)OO + AmOH —•- >C(NHR)OOH+ AmO

Q + HO2 —*• HQ' + O2

HQ' + HO2 —*- Q + H2O2

>C(OH)OO' + Q — O C = 0 + O2 + HQ
>C(OH)OO' + H Q — O C ( O H ) O O H + Q

^CC(NHR)OO' + Q — ^ > C = NR + O2 + HQ'
>CC(NHR)OO' + HQ' —»OC(NHR)OOH+ Q

M"+ + HO2 —*• M"+ 1 + HOJ

M" + 1 + HO2 —*~ H + + O2 + M" +

X(OH)OO' + M"+ —*~ >C(OH)Oi"+ M"+ I

X(OH)OO' + M" + 1 —*- X = O + O2 + H + + M" +

X(NHR)OO' + M"+ —*• >C(NHR)OJ+ M"+ 1

X(NHR)OO' + HQ' —*- >C = NR + O2 + H + + Mn +

AmO' + R' —*- AmOR

AmOR + ROi —*• ROOH + Alkene + AmO'

Ref.

29,32,33

14,18,
19,28,
29,30,34

35-41

32,33,56

30

35,36,
39,40

30,32,33,
42,58

16,52-54

36,38-41

32,33,77

15,39,40,
75-79

35,39,40,
74,77,79
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Table 7. (continued)

Inhibiting system Radical Mechanism Ref.

AmO', AmOR R ,RO2 ' AmO' + R —*- AmOR

AmOR —»- [AmO' + R ] —*- AmOH + Alkene

AmOH + RO2 —*• ROOH + AmO'

64-68

AmO', AmOR R ,RO2"

R ,RO 2

AmO' + R' —*- AmOR

AmOR —*- [Am' + RO] —»- AmH + Alkene

AmH + RO2 —*~ ROOH + Am'

Am' + RO2 —*- AmO' + RO'

R' + I2 —*~ RI + I'

RI + RO2 —*- R + ROOI

2 ROOI —*- h + 0 2 + ROOR

69,70

84

AmO' RO2

Q, H2O2, HA RO2

AmO' + HA = ^ [ A m O H + ' , A - ] ,

RO2 + [ A m O H + ' , A - ] —*- ROOH +

[AmO + , A - ] + H2O2 — - AmOH + HA + O2 ,

RO 2 ' +AmOH —*• ROOH + AmO .

Q + HA =?=i (QH + . A - ) ,

(QH + , A - ) + RO2 —*• (Q+ , A - ) + ROOH,

( Q + , A - ) + H2O2 —*• H Q + H A + O2,

RO2 + HQ- —*• ROOH + Q

30,71,72

73

;c(OH)o2 ;C(OH)O2 + B~ ;c=o + or + BH 81-83

polymers, since in this case, the solubility of O2 and the rate of its
reaction with R are lower than those in a liquid under similar
conditions. Mechanism of this sort can also occur in the liquid
phase, when the concentration of the dissolved oxygen is relatively
low ([O2] < [ArO' ]). For the dissociation of the intermediate
product at the O —C or N—O bond, a sufficiently high tempera-
ture is needed.

The third group of mechanisms includes acid catalysis as a
necessary stage of the cycle. An acid protonates an inhibitor in the
oxidised form (AmO', Q) and thus transforms the corresponding
species into a potential hydrogen donor. The cycle begins with
attack by RO2 on the protonated inhibitor. Of course, the
reduction of the cationic form of the inhibitor with hydrogen
peroxide also plays an important role. Mechanisms of this sort
should be characteristic of the oxidation in the systems in which
hydrogen peroxide and an acid are generated, and this refers to
many organic compounds.

Evidently, catalysis with bases is characteristic of systems in
which the HO2 or>C(OH)O2 radicals act as the chain-propagat-
ing species in the oxidation. Repeated chain termination has also
been observed in the presence of sulfur-containing inhibitors,23

but the exact mechanism of these processes is still unknown.

References
1. V Ya Shlyapintokh Fotokhimicheskie Prevrashcheniya i Stabili-

zatsiya Polimerov (Photochemical Transformations and Stabilisation
of Polymers) (Moscow: Khimiya, 1979)

2. N M EmanueP, A L Buchachenko Khimicheskaya Fizika Moleku-
lyarnogo Razrusheniya i Stabilizatsii Polimerov (Chemical Physics of
Molecular Degradation and Stabilisation of Polymers) (Moscow:
Nauka, 1988)

3. E T Denisov Okislenie i Destruktsiya Karbotsepnykh Polimerov
(Oxidation and Degradation of Carbon-Chain Polymers)
(Leningrad: Khimiya, 1990)

4. G Scott (Ed.) Mechanism of Polymer Degradation and Stabilisation
(London: Elsevier Applied Science, 1990)

5. A M Kuliev Khimiya i Tekhnologiya Prisadok k Maslam i Toplivam
(The Chemistry and Technology of Additives to Oils and Fuels)
(Moscow: Khimiya, 1972)

6. E T Denisov, G I Kovalev Okislenie i Stabilizatsiya Reaktivnykh
Topliv (Oxidation and Stabilisation of Jet Fuels) (Moscow: Khimiya,
1983)

7. M M Mogilevich, E M Pliss Okislenie i Okislitel'naya Polimeri-
zalsiya Nepredel'nykh Soedinenii (Oxidation and Oxidative Poly-
merisation of Unsaturated Compounds) (Moscow: Khimiya, 1990)

8. N M Emanuel', Yu N Lyaskovskaya Tormozhenie Protsessov
Okisleniya Zhirov (Inhibition of Oxidation Processes in Fats)
(Moscow: Pishchepromizdat, 1961)

9. N M Emanuel', E T Denisov, Z K Maizus Tsepnye Reaktsii
Okisleniya Uglevodorodov v Zhidkoi Faze (Chain Reactions in the Oxi-
dation of Hydrocarbons in the Liquid Phase) (Moscow: Nauka, 1965)

10. E T Denisov, I V Khudyakov Chem. Rev. 87 1313 (1987)
11. V A Roginskii Fenol'nye Antioksidanty (Phenolic Antioxidants)

(Moscow: Nauka, 1988)
12. E T Denisov, V V Kharitonov Izv. Akad. Nauk SSSR, Ser. Khim.

2222(1963)
13. E T Denisov, V P Shcheredin Izv. Akad. Nauk SSSR. Ser. Khim. 919

(1964)
14. V V Kharitonov, E T Denisov Izv. Akad. Nauk SSSR, Ser. Khim.

2764(1967)
15. A L Aleksandrov, E T Denisov Izv. Akad. Nauk SSSR, Ser. Khim.

1652(1969)
16. E T Denisov Izv. Akad. Nauk SSSR, Ser. Khim. 328 (1969)
17. Yu B Shilov, R T Battalova, E T Denisov Dokl. Akad. Nauk SSSR

207 388(1972)



520 E T Denisov

18. V I Gol'denberg, N V Katkova, E T Denisov Izv. Akad. Nauk
SSSR, Ser. Khim. 287 (1988)

19. E T Denisov Kinet. Katal. 11312 (1970)
20. E T Denisov, in Teoriya i Praktika Zhidkofaznogo Okisleniya

(Theory and Practice of Liquid-Phase Oxidation)
(Ed. N M Emanuel') (Moscow: Nauka, 1974) p. 237

21. E T Denisov, in Developments in Polymer Stabilisation Vol. 3
(Ed. G Scott) (London: Elsevier Applied Science, 1980) p. 1

22. V Ya Shlyapintoch, V B Ivanov, in Developments in Polymer
Stabilisation Vol. 5 (Ed. G Scott) (London: Elsevier Applied Science,
1982) p. 41

23. E T Denisov, in Kinetika i Kataliz (Ser. Itogi Nauki i Tekhniki)
T. 17 [Kinetics and Catalysis (Advances in Science and Engineering
Ser.) Vol. 17] (Moscow: Izd. VINITI, 1987)

24. E T Denisov, N I Mitskevich, V E Agabekov Mekhanizm Zhidko-
faznogo Okisleniya Kislorodsoderzhashchikh Soedinenii (The Mecha-
nism of the Liquid-Phase Oxidation of Oxygen-Containing
Compounds) (Minsk: Nauka i Tekhnika, 1975)

Vol. 16 (Amsterdam: Elsevier, 1980)
26. E T Denisov Konstanty Skorosti Gomoliticheskikh Zhidkofaznykh

Reaktsii (Rate Constants for Homolytic Liquid-Phase Reactions)
(Moscow: Nauka, 1971)

27. N N Pozdeeva, I K Yakushchenko, A L Aleksandrov,
E T Denisov Kinet. Katal. 32 1302 (1991)

28. V V Shalya, B I Kolotusha, F A Yampol'skaya,
Ya B Gorokhovatskii Kinet. Katal. 10 1090 (1969)

29. R L Vardanyan, V V Kharitonov, E T Denisov Izv. Akad. Nauk
SSSR, Ser. Khim. 1536 (1970)

30. E T Denisov, V I Gol'denberg, L G Verba Izv. Akad. Nauk SSSR,
Ser. Khim. 2217 (1988)

31. V I Gol'denberg, E T Denisov, L G Verba Izv. Akad. Nauk SSSR,
Ser. Khim. 2223 (1988)

32. R L Vardanyan, E T Denisov Izv. Akad. Nauk SSSR, Ser. Khim.
2818(1971)

33. E M Pliss, Doctoral Thesis in Chemical Sciences, Institute of
Chemical Physics, Academy of Sciences of the USSR, Chernogolovka,
1990

34. R L Vardanyan, V V Kharitonov, E T Denisov Neftekhimiya 11247
(1971)

35. E M Pliss, A L Aleksandrov, M M Mogilevich Izv. Akad. Nauk
SSSR, Ser. Khim. 1441 (1977)

36. U Ya Samatov, A L Aleksandrov, I R Akhunov Izv. Akad. Nauk
SSSR, Ser. Khim. 2254 (1978)

37. A L Aleksandrov, L D Krisanova Izv. Akad. Nauk SSSR, Ser. Khim.
2469(1980)

38. G A Kovtun, A L Aleksandrov Izv. Akad. Nauk SSSR, Ser. Khim.
1274(1974)

39. A L Aleksandrov, Doctoral Thesis in Chemical Sciences, Institute
of Chemical Physics, Academy of Sciences of the USSR,
Chernogolovka, 1987

40. G A Kovtun, Candidate's Thesis in Chemical Sciences, Institute
of Chemical Physics, Academy of Sciences of the USSR,
Chernogolovka, 1974

41. E M Pliss, A L Aleksandrov, V S Mikhlin, M M Mogilevich
Izv. Akad. Nauk SSSR, Ser. Khim. 2259 (1978)

42. E T Denisov Izv. Akad. Nauk SSSR, Ser. Khim. (1996) (in the press)
43. E T Denisov Kinet. Katal. 32 461 (1991)
44. E T Denisov Mendeleev Commun. 1 (1992)
45. E T Denisov Kinet. Katal. 35 671 (1994)
46. E T Denisov Polym. Deg. Stabil. 49 71 (1995)
47. V T Varlamov, R L Safmllin, E T Denisov ATA™. Fiz. 408 (1983)
48. E T Denisov Kinet. Katal. 37 (1996) (in the press)
49. D Lide (Ed.) Handbook of Chemistry and Physics (Boca Raton, FL:

CRC Press, 1991-1992)
50. C H Bamford, C F H Tipper (Eds) Comprehensive Chemical Kinetics

Vol. 14 (Amsterdam: Elsevier, 1976)
51. Yu B Shillov,E T Denisov Vysokomol.Soedin.,Ser.A 16 1736(1974)
52. Yu B Shilov, E T Denisov Vysokomol. Soedin., Ser. A 26 1753 (1984)
53. R L Vardanyan, E T Denisov, V I Zozulya Izv. Akad. Nauk SSSR,

Ser. Khim. 611 (1972)
54. T G Degtyareva, E T Denisov, V S Martem'yanov,

L Ya Badretdinova Izv. Akad. Nauk SSSR, Ser. Khim. 1219 (1979)
55. E T Denisov Handbook of Antioxidants (Boca Raton, FL: CRC

Press, 1995)

56. A V Kirgin, Yu B Shilov, E B Krisyuk, A A Efimov, V V Pavlikov
Kinet. Katal. 31 58 (1990)

57. E T Denisov Kinet. Katal. 36 387 (1995)
58. Yu B Shilov, E T Denisov Vysokomol. Soedin., Ser. A 29 1359 (1987)
59. Yu B Shilov, E T Denisov Vysokomol. Soedin., Ser. A 16 2313 (1974)
60. Yu B Shilov, Candidate's Thesis in Chemical Sciences, Institute of

Chemical Physics, Academy of Sciences of the USSR, Chernogolovka,
1979

61. E T Denisov Polym. Deg. Stabil. 25 209 (1989)
62. E T Denisov Polym. Deg. Stabil. 34 325 (1991)
63. M V Sudnik, M F Romantsev, A B Shapiro, E G Rozantsev

Izv. Akad. Nauk SSSR, Ser. Khim. 2813 (1975)
64. D J Carlsson, A Garton, D M Wiles Dev. Polym. Stabil. 1 219 (1979)
65. K B Chakraborty, G Scott Polymer 21 252 (1980)
66. H Berger, T A Bolsman, D M BrowerDev. Polym. Stabil. 6 1 (1983)
67. G Scott / . Polym. Sci. Polym. Lett. Ed. 22 553 (1984)
68. D J Carlsson Pure Appl. Chem. 55 1651 (1983)
69. S Korcek, R K Jensen, M Zinbo, J L Gerlock, in Regeneration of

Amine in the Catalytic Inhibition of Oxidation in Organic Free
Radicals. (Ed. H Fischer) (Berlin: Springer, 1988) p. 95

70. R K Jensen, S Korcek, M Zinbo, J L Gerlock / . Org. Chem. 61
(1996) (in the press)

71. V I Gol'denberg, E T Denisov, N A Ermakova Izv. Akad. Nauk
SSSR, Ser. Khim. 738 (1990)

72. E T Denisov, in 12th International Conference on Advances in the
Stabilization and Controlled Degradation of Polymers, Luzerne,
Switzerland, 1990 p. 77

73. V I Gol'denberg, N A Ermakova, E T Denisov Izv. Akad. Nauk
SSSR, Ser. Khim. 79 (1995)

74. G A Kovtun, A L Aleksandrov, E T Denisov Izv. Akad. Nauk
SSSR, Ser. Khim. 2611 (1973)

75. A L Aleksandrov, G I Solov'ev, E T Denisov Izv. Akad. Nauk
SSSR, Ser. Khim. 1527 (1972)

76. G A Kovtun, Doctoral Thesis in Chemical Sciences, Institute of
Organic and Inorganic Chemistry, Academy of Sciences of the USSR,
Moscow, 1984

77. N G Zubareva, E T Denisov, A V Ablov Kinet. Katal. 14 579 (1973)
78. N G Zubareva, E T Denisov, A V Ablov Kinet. Katal. 14 346 (1973)
79. E M Pliss, A L Aleksandrov Izv. Akad. Nauk SSSR, Ser. Khim. 214

(1978)
80. A V Oberemko, A A Perchenko, E T Denisov, A L Aleksandrov

Neftekhimiya 11 229 (1971)
81. E T Denisov, V M Solyanikov, A L Alexandrov Adv. Chem. Ser. 75

(1)112(1968)
82. A L Aleksandrov, E T Denisov Dokl. Akad. Nauk SSSR 178 379

(1968)
83. A L Aleksandrov, E T Denisov Izv. Akad. Nauk SSSR. Ser. Khim.

2322(1969)
84. A L Aleksandrov, T I Sapacheva, E T Denisov Neftekhimiya 10 711

(1970)



Russian Chemical Reviews 65 (6) 521 - 536 (1996) 1996 Russian Academy of Sciences and Turpion Ltd

UDC 678.01 ;537.6

The nature and dynamics of nonlinear excitations in conducting
polymers. Heteroaromatic polymers

V A Krinichnyi

Contents

I. Introduction
II. Polyparaphenylene

III. Polythiophene
IV. Polypyrrole
V. Polyaniline

VI. Polytetrathiafulvalene
VII. Conclusion

521
522
523
525
526
532
535

Abstract. The results of studies on the structural, conformational,
and dynamic properties of organic conducting polymers by 2 mm
EPR spectroscopy are treated systematically and surveyed. The
structural and dynamic features of the paramagnetic centres as
well as the mechanism of charge transfer in the conducting
polymers are discussed. The bibliography includes 73 references.

I. Introduction
Various organic conducting compounds are known at the present
time: charge-transfer complexes and radical-ion salts, platinum
complexes with cyanide ligands, phthalocyanines, dyes,
metal-filled polymers, etc.1"4 These compounds are of interest
from the standpoint of a study of the fundamental principles of
charge transfer. Among them, one should distinguish particularly
organic conducting polymers such as polyparaphenylene (PPP),
polythiophene (PT), polypyrrole (PP), the emeraldine base (EB)
and emeraldine salt (ES) form of polyaniline (PANI), polytetra-
thiafulvalene (PTTF), polyacetylene (PA), etc., which may prove
promising in molecular electronics (the spin charge carriers
stabilised in the polymers are shown below).5"7

PPP

PT (R = S)
PP (R = NH)

PANI EB
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PTTF-1 (R = Et)

PTTF-2

These compounds are characterised by an anisotropic
quasi-one-dimensional (ID) 7t-conjugated structure and, in con-
trast to classical polymers, exhibit an electrical conductivity which
varies by more than 10 orders of magnitude when the polymer is
doped with various counterions.5 The introduction of
BF4",C1O4 , AsFJ.I^", FeCl4 ,MnO4, etc. anions induces a pos-
itive charge on its chains, i.e. leads to a />-type conductivity,
whereas n-type conductivity is achieved by doping the polymer
with various alkali metals, for example Li+ , K + , and Na + .

The electrodynamic properties of conducting polymers are
significantly influenced by their structure, conformation, and the
packing of their chains. The globular structure of the polymers is
made up of fibrils with a typical diameter of 100 nm, the fibrils
consisting in their turn of crystallites. The parameters of the
corresponding unit cells of such crystallites are listed in Table 1.
The dihedral angle 6 between the planes of the monomer units in
the polymer, for example in PPP, is ~ 23°.n The value of this angle
is a result of a compromise balance between the conjugation effect,
tending to bring the system to a planar conformation, and the
steric repulsion of the hydrogen atoms in the orf/io-positions,
which rules out a planar conformation. The electron density
transfer integral / between the monomer units is given by
/ ~ c o s 8,li so that the probability of the ID-charge transfer in
the polymer increases with increase in the planarity of the chain.
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Table 1. The unit cell parameters of conducting polymers.

Polymer

PPP

PT
PP
PANI

System

Monoclinic
Orthorhombic
Hexagonal
Monoclinic
Monoclinic

Parameter /ran

a

0.779
0.781
0.950
-
0.705

b

0.562
0.553
0.620
0.341
0.860

c

0.426
0.420
1.220
0.718
0.950

Ref.

8
8
9
10
11

The overlap of the it orbitals of the monomer rings results in
the formation of a band structure of the polymer with gap widths
of 3.5 eV (PPP), 2.2 eV (PT), 3.0 eV (PP), 4.0 eV (undoped
PANI), and 1.5 eV (ES form of PANI).10'14 The resonance
interaction of the energetically nonequivalent benzenoid and
quinonoid forms of the monomers is the cause of the nonlinear
topological excitation — the formation of a polaron with a spin of
j , delocalised over 4 - 5 monomer units of the polymer.8 The
energy levels of such a polaron are located in the forbidden band
at a distance A\ below the conductivity band and at a distance At
above the valence band. A\ = A2 = 0.7 eV for PPP, A\ = 0.9 eV
and At = 0.45 eV for PP, and A\ = 0.7-0.9 eV and
At — 0.5-0.6 eV for the other conducting polymers.14 For
sufficiently high levels of doping, pairs of polarons may recom-
bine with formation of longer spin-less bipolarons.

Conducting polymers contain paramagnetic centres (PC) at a
concentration N = 1016-1021 spins g~',15-16 so that one of the
most promising methods for their investigation is EPR spectro-
scopy, which makes it possible to obtain varied and unique
information about the structure of the polymer and about the
nature and properties of the paramagnetic centres (their concen-
tration, mobility, relaxation, etc.). Such studies are as a rule
carried out at relatively low recording frequencies (ve^ 10 GHz).
In these bands, conducting polymers, like other 7i-electron
systems, usually give rise to a single symmetrical line with a
width between the peaks Afipp = 0.02-1.70 mT and a g-factor
close to that for a free electron (ge = 2.00232).15-16 The deviation
from ge can occur on interaction of an unpaired electron with
heteroatoms or the alkali metals of the dopants.17'18 For a
sufficiently high level of doping, the so called Dyson line,15'19

leading to the asymmetry of the spectrum, is manifested as a
consequence of the increase in the electrical conductivity of the
sample. However, in the study of conducting polymers with
vc < 10 GHz, investigators have encountered fundamental diffi-
culties associated mainly with the low spectral resolution and a
strong spin-spin exchange in this EPR frequency range.

It was shown previously in relation to various organic
radicals20"23 that the information content and the accuracy of
the method increase significantly on passing to the 2 mm band for
the recording of the EPR spectra. In this range, it is possible to
achieve the separate detection of paramagnetic centres with
similar magnetic parameters, which permits a more accurate
determination of the components of their anisotropic g-factor
and also makes it possible to investigate the anisotropic dynamics
of the radicals and of their microenvironment. The method makes
it possible to study in fair detail different properties of cis- and
frans-polyacetylenes as well as the relaxation and dynamic
features of nonlinear charge carriers (solitons) in /ra/u-polyacety-
lene.24

The present review is devoted to the consideration of the
principal results of the study at the 2 mm EPR band of the
structural and conformational properties of certain other con-
ducting polymers as well as the charge carriers present in them, the
dynamics of which is described by the universal nonlinear
Korteweg-de Vries equations of motion.

II. Polyparaphenylene

The concentration of unpaired electrons in PPP depends signifi-
cantly on the polymerisation methods and may vary within the
range 1017—1019 spins g"1.15*16 The line width increases on
doping and such broadening may depend both on the degree of
doping and on the atomic number of the alkali metal of the
dopant. The latter finding indicates an appreciable spin-orbital
interaction between the dopant molecule and the unpaired
electron. As in other conducting polymers, the charge transfer is
effected mainly by polarons in lightly doped PPP and by
bipolarons in a quasi-metallic sample.8-12> 14

Various PPP samples (in the form of films), synthesised by the
electrochemical oxidation of benzene in a C3H7C5H4NCI-AICI3
melt, have been investigated by the EPR method: the initial
evacuated PPP sample doped with C13~ anions (PPP-1); the
same sample after storage over four days (PPP-2); the initial
sample brought into contact with atmospheric oxygen for several
seconds (PPP-3); the initial dedoped sample (PPP-4); the sample
redoped with BF4 anions (PPP-5).25

In measurements at the 3 cm EPR band, the PPP-1, PPP-2,
and PPP-3 samples give rise to a single asymmetric line with a
distinct Dyson form and g = 2.0029 (Fig. 1 a). The line asymmetry
factor AjB (the ratio of the amplitudes of the positive and negative
peaks) varies as a function of the conductivity of the sample.
When the C1J dopant is removed, i.e. on passing from the PPP-1
to the PPP-4 sample, the above spectrum is transformed into an
axially symmetrical spectrum with gx = 2.0034 and g^ = 2.0020
(Fig. Ib). This is accompanied by the broadening of the spectral
lines and also by a sharp decrease in the concentrations of spins
and charge carriers (Table 2). It is noteworthy that neither in the
case of PPP nor in the case of other it-conjugated polymers,
investigated previously at the 3 cm EPR band, were axially
symmetrical spectra recorded.15 The above form of the spectrum
remains unchanged on further doping of the neutral PP with BFJ
anions (PPP-5), but in this case some decrease in the spin
concentration and a change in the sign of its temperature depend-
ence are observed (Table 2). The minimum excitation energy of
the unpaired electron A£OII* = 5.2 eV, close to the energy of the
first ionisation potential of polycyclic aromatic hydrocarbons,13

l m T 4mT

Figure 1. Typical 3 cm EPR absorption spectra of PPP-1 -PPP-3 (a) and
PPP-4 and PPP-5 (i) samples and the 2 mm in-phase dispersion spectrum
of the PPP-4 and PPP-5 samples (c) recorded at room temperature. The
narrow line on the right-hand spectrum belongs to the (DBTTF)3PtBr6
reference standard with g$ = 2.00411. The measured magnetic parameters
are presented.
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Table 2. The concentration of the paramagnetic centres (JV), the d.c. (<T<JC)
and a.c. (aac) conductivities (ve = 140 GHz), the line asymmetry para-
meter (AIB), the line width (Aipp), and the spin-lattice relaxation time
(TI) for polyparaphenylene samples at T = 300 K.

Parameters

10-1 7 Nl spin g"1

(Tdc/Sm"1

lO-'fTac/Sm"1

AjB
ASpp/mT
106Tl/S

Sample

PPP-1

120
103-104

3
2.3
0.09
0.4

PPP-2

320
—

4
2.5
0.12
0.5

PPP-3

210
-

1.4
1.4
0.22
0.2

PPP-4

4

io-6

-
-
0.37"
~100

aThe width of the high-field spectral component is presented.

PPP-5

0.6
1
-
-
0.47"
~100

may be calculated, using the difference Ag = g ± -g | | = 1.4xlO~3,
from the equation

(1)

where Ac is the constant for the spin-orbital interaction of the
unpaired electron with a carbon nucleus and pc the electron
density on carbon.26 Thus the paramagnetic centres in PPP-4
and PPP-5 can be localised in the vicinity of the polycyclic
hydrocarbon cross-links, as predicted previously.15

At the 2 mm EPR band, the PPP-4 and PPP-5 samples give rise
to a bell-shaped signal (Fig. lc), which arises as a result of the
manifestation of the effect due to the rapid adiabatic passage of a
nonuniformly broadened line.27 The spin-lattice relaxation time
of the paramagnetic centres in these samples, estimated from their
spectra, is ti w 10~4 s. The rapid passage effects will be examined
in greater detail below.

The rate of the spin-spin exchange of the paramagnetic
centres in the neutral and redoped PPP has been determined as
Vex = 4 x 107 s~' by analysing the form of the 3 cm and 2 mm EPR
spectra.25 For PPP-1, this quantity is 1.8 x 10 8 s- ' owing to the
greater concentration and mobility of the paramagnetic centres.
The isotropic ^-factor (g) = ̂ _g\\ + 2gL) for a neutral sample is
close to the g-factor for the polymer doped with C1J anions. This
finding indicates the averaging of the components of the g-tensor
for the paramagnetic centres as a consequence of the spin ID-
diffusion along the polymer chain of the PPP-1 sample at a
minimal rate:

(2)

where /IB is the Bohr magneton, Bo the magnetic field strength, and
h the Planck constant. For the PPP sample doped with C1J anions,
this quantity is v?D ^ 6.8 x 106 s~'. Indeed the effective rate of the
spin ID-diffusion, calculated from the equation

(3)

(here A.Bppb is the width of the line between the peaks of the PPP-1
samples, AB1™ the width of the perpendicular component of the
spectrum of the PPP-4 and PPP-5 samples, and ye the gyromag-
netic ratio for the electron) proved to be VID » 9 x 1010 s~'atroom
temperature. The temperature dependence of the electrical con-
ductivity of the PPP-1 sample, determined using alternating current
fromthefunction^/5(7),hastheformcrac(21 ~ T~1'3. This shows
that several conduction mechanisms, including the interchain
variable range hopping (VRH) charge transfer and isoenergetic
tunnelling of the charge carriers, operate in the doped PPP. The
sharp decrease in spin concentration and in the rates of the spin

exchange and relaxation processes on dedoping of the sample
(transition from PPP-1 to PPP-4) indicates the annihilation of
the majority of the polarons, the ID-diffusion of which deter-
mines the effective electronic relaxation of the entire spin system.

Thus the data obtained make it possible to conclude that, in
the highly doped PPP-1 sample, the charge is transferred mainly
by the mobile polarons, whereas in PPP-5 charge transfer is
effected by diamagnetic bipolarons. On electrochemical substitu-
tion of the C1J anion by the BFJ anion, the location of the latter
may differ from that of the dopant in the initial sample. The
morphology of the PPP redoped with BFJ anions may be close to
that in the neutral film (PPP-4).

It has been established 25 that a film of PPP synthesised from
the C3H7C5H4NCI-AICI3 melt is characterised by a decrease in
the number of benzenoid monomers and an increase in that of the
quinonoid ones. This leads to a more ordered structure and to a
planar conformation of the polymer, which apparently prevents
the collapse of the spin charge carriers to a bipolaron in the highly
doped polymer. On dedoping, the anions are 'washed out', which
results in an increase in the packing density of the polymer chains.
This may prevent the intrafibrillar introduction of BFJ anions
and may lead to localisation of the dopant molecules in the
interfibrillar free volume of the polymer matrix. Such a conforma-
tional transition apparently alters the mechanism of charge
transfer in the course of the redoping of PPP.

III. Polythiophene
The 3 cm EPR spectrum of neutral PT consists of a single
symmetrical line with g « 2.0026 and a width ABPP = 0.8 mT1 5

which indicates the localisation of the spin on the polymer chain
and its weak interaction with the sulfur atoms. The low concen-
tration of paramagnetic centres (N « 7 x 10~5 of a spin per mono-
mer unit) is associated with the comparatively low degree of
defectiveness of this compound. The EPR signal of lightly doped
poly(3-methyl)thiophene represents a superposition of a Gaussian
line due to the localised paramagnetic centres with g\ = 2.0035
and ABPP « 0.7 mT and a Lorentzian line with g2 = 2.0029 and
ABpp = 0.15 mT. The latter is characteristic of delocalised para-
magnetic centres.28 The overall concentration of paramagnetic
centres in this sample is ~ 3 x 1019 spins cm" 3 or about one spin
per 300 thiophene rings. After doping, a single Lorentzian com-
ponent remains. It is symmetrical up to a doping level z ^ 0.25 (z is
the number of dopant molecules per polymer monomer unit), but
becomes asymmetric (Dyson line) for z > 0.3. The appearance of
the Dyson-like line is accompanied by a significant decrease in the
spin-spin and spin-lattice relaxation times,29 which may be a
consequence of the increase in the dimensionality of the system.
Analysis of the variation of the paramagnetic susceptibility x{z)
showed that the number of paramagnetic polarons increases
during the doping process in the polymer, the polarons recombin-
ing to diamagnetic bipolarons for high values of z.

Powder-like PT samples,30 containing different counterions,
were investigated at the 2 mm EPR band. The samples were
obtained electrochemically from thiophene and bithiophene.

At the 3 cm EPR band, the PT samples synthesised from
thiophene and doped with BF4, CIO4, and IJ ions give rise to
symmetrical lines with g « ge and a width ABpp, which varies
slightly over a wide temperature range (Table 3), whereas in the
spectrum of the PT synthesised from bithiophene and doped with
IJ anions the lines are appreciably broadened as the temperature
increases.

The PT spectra recorded at the 2 mm EPR band are distin-
guished by a greater variety (Fig. 2). Axially symmetrical spectra,
indicating the localisation of the paramagnetic centres on the
polymer chains, are characteristic of the polymers PT(BF4) and
PT(C1C>4). A similar pattern apparently occurs also in the case of
PT(IJ), the EPR spectrum of which may be broadened owing to
the strong spin-orbital interaction of the paramagnetic centres
with the counterions.
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10 mT

Figure 2. Typical 2 mm EPR absorption spectra of polythiophene
synthesised electrochemically from thiophene and doped with IJ (a),
BF4 (b), and CIO4 (c) anions. The spectra were recorded at T= 300 K
(continuous line) and 200 K (dashed line).

Table 3 presents the magnetic resonance parameters calcu-
lated from the 2 mm EPR spectra, the d.c. and a.c. conductivities
of the samples (<7dC

 a n d °ac), and the energies of the excitation of an
electron to the nearest level (A£CTn*)- Analysis of the data
presented shows that, in the series of anions If -»BF4 -»CIO4,
the quantity A£CTn* increases by a factor greater than 4. This
transition also leads to an increase in the conductivity of the film
and to significant alteration of the concentration of paramagnetic
centres. This may indicate charge transfer in PT both by polarons
and by bipolarons, the ratio of the concentrations of which
depends on the nature and number of the anions introduced into
the polymer. The width of the PT spectral lines proved more
sensitive to a change in the recording frequency, which indicates a
less intense spin exchange in this polymer compared, for example,
with PA24'31 and PPP.23

Table 3. The concentration of the paramagnetic centres (N), the electrical
conductivity (ffdc). the line width (Afipp), the components of the g-tensor,
and the energies of the excited electronic state (AEOIt») for polythiophene
samples at T= 300 K.

Parameter

10""AT/spins g" 1

3 cm bandb

2 mm band

g\\
gj.
AE«.. /eV

Polythiophene samples doped with the anions

2
0.5

0.75(0.80)
6.5

2.00679c

2.00232'
1.6

BF4"

8
1.2

0.23(0.34)
1.5

2.00412
2.00266
4.0

ClOJ

5
16

0.46(0.52)
2.6

2.00230
2.00239
7.0

ClOJ"

10
11

0.70(0.25)
0.5

2.00232'
2.00364'
4.5

"The sample was synthesised from bithiophene. bThe values of Aflpp at
77K are given in brackets. 'Values calculated from the equation
(g) = &x + 2ge).

On reducing the temperature of the PT(BF4) sample, a
Dyson-like line is manifested in the perpendicular component of
its EPR spectrum without an appreciable change in the signal
intensity. The quantity A/B increases monotonically in the
temperature range 100-300 K, which indicates an increase in the
electrical conductivity of the sample <7ac,

 a s happens in classical
low-dimensional semiconductors. Knowing the characteristic size
of the polymer particles 5 and using the relation AjB{8), it is
possible to estimate for amorphous low-dimensional semiconduc-
tors32 the electrical conductivity of the sample and also the
mobility n and the rate of the ID-diffusion of the charge carriers
from the formula

Afe2vi i3Dc2
i3D

kT (4)

where C,D is the lattice constant. The quantities <rac ,nm, and v!D

calculated for PT(BF4~) in this way were found to be respectively
3 . 6 x l O 2 S m - ' , l . l x l O - 5 m 2 V - 1 s"1, and 3 . 2 x l 0 1 2 s - ' at
room temperature.30

Polythiophene, synthesised from bithiophene and doped with
CIO4" anions, is characterised by a single symmetrical EPR line at
the 3 cm band, the width of which decreases monotonically from
0.7 to 0.25 mT on reducing the temperature from 300 to 77 K. In
the 2 mm EPR band, this sample also shows a single line over a
broad temperature range, which indicates the occurrence of
charge transfer in it mainly by delocalised paramagnetic centres.
With increase in temperature from 100 to 200 K (Tc « 200 K), the
paramagnetic susceptibility of this sample decreases significantly
and, on further rise of temperature, rises sharply (Fig. 3). This is
accompanied by a corresponding change in line width, and the
inverse relation of the functions ABPP(T) and x(T) (Fig. 3). This
effect can be accounted for by the annihilation of polaron pairs to
bipolarons when the temperature is varied from 100 K to Tc and
on subsequent decomposition of the bipolaron into polarons at
T > Tc, apparently owing to the intensification of the librations
of the polymer chains. If one adopts a linear dependence of the
rate of decomposition of bipolarons on the frequency of the
librations of the polymer chains, then it is possible to estimate
the activation energy for the latter process from the x(T)
behaviour. It proved to be £ a « 0 . 1 6 e V at T>TC. Such
polaron-bipolaron transformation is apparently in fact the
cause of the unusual broadening, indicated above, of the EPR
line of this sample at the 3 cm band, observed on raising the
temperature.

0.2

90 140 190 240 77 K

Figure 3. Temperature variations of the rate of diffusion of charge
carriers VID along a polymer chain (1), of the relative paramagnetic
susceptibility % i?), and of the inverse of the line width A5pP (3) for
polythiophene synthesised electrochemically from bithiophene and doped
with CIO4 counterions.
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As in the spectrum of polythiophene, a Dyson-like line
appears in the EPR spectrum of polybithiophene at low tempera-
tures, which reflects the change in the electrical conductivity of the
film. Bearing in mind that the concentrations of the polarons and
bipolarons are unchanged and using the above procedure, it is
possible to determine the rate of ID-diffusion of the charge
carriers in the sample (Fig. 3). At room temperature, this
quantity proved to be VID = 3 X 1 0 1 3 S ~ 1 , which is similar in
order of magnitude to viD determined for polarons in doped
PANI,33 in which the interchain charge transfer predominates.
The weak temperature dependence of the rate of the ID-diffusion
of the charge carriers in bithiophene also indicates the predom-
inance of the interchain charge transfer in this polymer and its
increased dimensionality.

IV. Polypyrrole
Neutral PP is characterised by a complex spectrum at the 3 cm
EPR band, consisting of a superposition of a narrow (0.04 mT)
and a wider (0.28 mT) line with a g-factor (g = 2.0026) typical for
^-conjugated and aromatic compounds.15 The concentration of
paramagnetic centres in neutral PP corresponds to one spin for
several hundreds of monomer rings. The width and intensity of the
narrow spectral line are of the activated character, whereas the
wider component follows the Curie law. This indicates the
existence in neutral PP of two types of paramagnetic centres with
different relaxation parameters.

At the same EPR band, doped PP is characterised by an
intense single and narrow line (~0.03mT) with g = 2.0028,
which obeys the Curie law in the temperature range 30-300K.15

The majority of the results obtained previously indicate that the
charge carriers are not responsible for the EPR spectrum of this
polymer because there are no correlations between the magnetic
susceptibility and the concentration of charge carriers as well as
between the line width and the mobility of the carriers. This may
be interpreted as a result of the formation of spin-less bipolarons
in PP during the doping of the latter. Thus the EPR signal of
doped PP cannot yield adequate information about the conduc-
tion processes.

The spin probe method, based on the introduction of a stable
nitroxyl radical into the test system, may prove more effective in
this instance.34 However, hitherto this method has been rarely
used in the study of conducting polymers.34-35 The reason for this
is primarily the fact that the low spectral resolution at
ve < 10 GHz precludes the separate recording of all components
of the g- and A -tensors and hence hinders the separate determina-
tion of the magnetic parameters of the nitroxyl radicals and the
paramagnetic centres localised on the polymer chains, as well as
the establishment of the dipole-dipole interaction between differ-
ent paramagnetic centres. Thus electrochemically synthesised PP,
in which the nitroxyl radical was bound covalently to the pyrrole
ring, has been investigated.35 However, despite the appreciable
concentration of the nitroxyl radicals introduced into the poly-
mer, the 3 cm EPR spectrum of this sample showed no lines
corresponding to the spin label.

The spin probe method proved to be more effective in the
study of doped PP at the 2 mm EPR band.36

Fig. 4 presents the EPR spectra of 4-carboxy-2,2,6,6-tetra-
methyl-1-piperidinyloxyl (a nitroxyl radical), introduced as the
probe and the counterion into a nonpolar model system and PP
(electrochemically) simultaneously. The EPR spectrum of the
spin-modified PP at the 3 cm band represents a superposition of
the lines due to the probe, which is characterised by a rotational
correlation time xc ^ 10 ~7 s, and a superimposed single line due to
the paramagnetic centres (R) localised on the chain (Fig. 4a). This
superposition of the individual spectra precludes the separate
determination of the magnetic resonance parameters of the probe
and the radical R in PP and also the analysis of the dipole-dipole
broadening of their spectral components.

2AZz

Figure 4. EPR absorption spectra of 4-carboxy-2,2,6,6-tetramethyl-l-
piperidinyloxyl (a nitroxyl radical) introduced as a spin probe into frozen
(120K) toluene (dashed line) and conducting polypyrrole (continuous
line). Recording band: (a) 3 cm; (b) 2 mm. Fig. (a) illustrates the
anisotropic spectrum of the localised paramagnetic centres R as well as
the measured magnetic parameters of the probe and the radical R.

The EPR spectrum of the spin-modified polymer systems at
the 2 mm band has a higher information content (Fig. 4b). All the
canonical components of the nitroxyl probe are fully resolved in
the spectrum, which permits the direct determination of the
principal values of its g- and /1-tensors. Furthermore, in the
region of the Z-component of the probe spectrum in PP, the
axially symmetrical spectrum of the radical R is recorded with the
magnetic parameters gf = 2.00380, g* = 2.00235, and A5P P =
0.57 mT.

The form of the spectrum of this radical indicates its local-
isation on the polymer chain, i.e. charge transfer in PP by spin-less
bipolarons, as happens in PPP(BF4) and PT(BF4). The difference
A? = gf — £x = 1.45 x 10~3 corresponds to an excited electronic
configuration in R with an excitation energy AEan* = 5.1 eV,
which is close to the excitation energy of the electron in neutral
PPP.

The nitroxyl probe in nonpolar toluene is characterised by the
following magnetic parameters: gxx = 2.00987, gyy = 2.00637,
gzz = 2.00233, Axx = AYY= 0.6, and Azz = 3.31 mT. In the
conducting PP, the quantity gxx diminishes to 2.00906, whereas
both the X- and Y-components of the probe spectrum are
broadened by 4 mT (Fig. 4b). Analysis of the form of the probe
spectrum permits the conclusion that there are no rapid move-
ments of this radical in PP (correlation time TC ^ 10~7 s) even at
comparatively high temperatures, which is apparently associated
with the small size of the region of localisation of the probe, not
exceeding 1 nm.

In neutral PP there are no fragments with an appreciable
dipole moment. The dipole-dipole interactions between the
radicals may be neglected, because the concentrations of the
probe and the paramagnetic centres localised on the chain are
small. The changes in the magnetic-resonance parameters of the
probe on passing from the model nonpolar system to the
conducting polymer matrix, indicated above, may occur as a
consequence of the Coulombic interaction of the active fragment
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of the probe and the spin-less charge carriers — bipolarons. The
effective electric dipole moment of the bipolaron closest to the
probe, calculated from the shift of the gxx component, amounted
to fiv = 2.3 D. The shift of the gxx component of the probe
g-factor may be calculated within the framework of the electro-
static interaction of the dipoles of the probe and the bipolaron by
means of the following procedure. The potential of the electric
field induced by the bipolaron at the location of the probe is
defined by the expression37

kT
EA = — ( j c c o t h x - 1), (5)

x =

where fia is the electric dipole moment of the probe, e and so are
dielectric constants for the PP and the vacuum respectively, and r
is the distance between the active fragment of the nitroxyl radical
and the bipolaron. Using the variation of the increment in the
isotropic hyperfine interaction constant for the probe due to the
electrostatic field of the microenvironment Aa = 7.3erNo/~'£d
(here TNO is the distance between the N and O atoms of the active
fragment of the probe and / is the resonance overlap integral
for the C = C bond) as well as the relation dgxxfiAzz =
2.3xlO~ 3mT for 2,2,6,6-tetramethyl-l-piperidinyloxyl radi-
cals,21"23 it is possible to formulate the following equation for
Agxx'-

(6)

Adopting/iu = 2.7 D,38/iv = 2.3 D,andrNo = 0.13 run,26 we
obtain r = 0.92 run.

The rate of spin-spin relaxation, which determines the width
of the spectral line of the radical, can be formulated as
T2' = T2(o) + TJ(D) where t^o) is the rate of relaxation of a radical
which does not interact with the environment and TJ('D) is the
increment in the rate of relaxation due to the dipole-dipole
interaction. The characteristic time of such interaction xc in a
polycrystalline sample may be calculated from the broadening of
the spectral lines d(ABxy).

39

(7)

where

= i (Am2 ) [37(0) + 5/(we) + 2y(2coe)],

«=rrfe
Here no is the magnetic permeability of a vacuum, ft = h/2n,
me = 27tve is the recording frequency, and 9 is the angle between
the vectors n and rj. The inequality coe TC > 1 holds for the
majority of highly viscous condensed systems, so that, by averag-
ing with respect to the angles IS(3cos2 3 - 1 ) 2 (rr3rj3) = 6.8 r~6

and, using the value ycd(ABx.r) = 7x 108 s~' and the value
r = 0.92 calculated above, we obtain TJ(D) = ft5(ABx.Y) =
3{ ACO2)TC or TC = 8.1 x 10~' ' s. Bearing in mind that the average
time between translational hops depends on the diffusion coeffi-
cient D and the average length of the hop, which is equal to the
product of the lattice constant cm and the half-width of the spin
delocalisation on the charge carrier Np/2, i.e.
TC = l.5(c2

DNp) D~l, and, taking into account the value
D « 5 x l O ~ 7 m 2 s ~ 1 typical for conducting polymers, we obtain
{cioNp} — 3 run, which corresponds approximately to four
pyrrole rings. This quantity is close to the width of the bipolaron

in polypyrrole and polyaniline, but is appreciably smaller than Np
obtained for polybithiophene.40

Thus the form of the EPR spectrum of the spin-modified PP,
recorded at the 2 mm band, indicates extremely slow rotational
motions of the probe, apparently as a consequence of the fairly
dense packing of the polymer chains in PP. The interaction of the
spin-less charge carriers with the active fragment of the spin probe
leads to a redistribution of the spin density between the N and O
atoms of the nitroxyl radical and hence to a change in its magnetic-
resonance parameters. This makes it possible to determine the
distance between the radical and the chain, along which the charge
carrier moves, and also the effective length of the bipolaron in a
randomly oriented polymeric semiconductor.

V. Polyaniline
A characteristic behaviour of polyaniline (PANI) is known 41 to be
the insulator/conductor transition, occurring on protonation or
oxidation of the polymer, i.e. on transition from its emeraldine
base form (EB form) to the emeraldine salt form (ES form). This
compound differs from other conjugated polymers in a number of
features. Thus, in contrast to PPP, PT, and PP, both the benzene
rings and the nitrogen atoms are involved in conjugation in PANI.
On protonation or oxidation, the conductivity of the polymer
increases by more than 10 orders of magnitude, whilst the number
of electrons on the polymer chain remains unchanged.42 Polyani-
line in the EB form is an insulator. This form is amorphous and
contains traces of the ES form, whereas the ES form of PANI
contains highly conducting crystalline domains with a character-
istic size of 5 run' ' distributed in the amorphous EB phase.

The oxidation or protonation of the EB form of PANI is
accompanied by a monotonic increase in the concentration of
paramagnetic centres and a narrowing of the line from 0.2 to
0.05 mT in the 3cm EPR spectrum.28-43 The paramagnetic
susceptibility of the weakly conducting PANI follows the Curie
law, which indicates the formation of single polarons in the
polymer chain, whereas Pauli spins, characteristic of the polaron
lattice of a highly conducting polymer, have been detected in the
ES form of PANI.43-44

The spin dynamics in PANI has been investigated by the
complementary EPR and NMR spectroscopic methods.45 The
frequency dependences t\p ~ cup (for nuclear spins) and
ABfp ~(Oc1^2 (for electron spins), obtained for isolated chains of
the ES form of PANI, have been interpreted within the framework
of the ID-diffusion of polarons at a rate vm > 1013 s~'. The
anisotropy of the spin diffusion VID/V3D varies from 104 in the EB
form to 10 in the ES form of PANI at room temperature. The
correlation found between the spin dynamics and the charge
transfer process has been interpreted as evidence in support of
the predominantly interchain electron transport. However, this
conclusion conflicts with another concept,11-46 which predicts the
3D-transport of electrons in massive metal-like domains with a
characteristic size 5 nm and ID-transport of electrons between
these domains. Investigations have shown that the charge transfer
process in PANI is determined to a significant extent by structural
parameters such as the crystallinity of the sample, the size of the
crystalline domains, the conformation and degree of orientation
of the chains, etc., which depend on the history of the sample and
also on the amount of modifying agent introduced into it.

The results of studies on the magnetic and electrodynamic
properties of PANI samples with different conductivities by 2 mm
EPR spectroscopy are presented below.18-47

Fig. 5 presents the 2 mm EPR spectra of the initial and
oxidised PANI samples. Analysis of these spectra showed that at
least two types of paramagnetic centres were stabilised in the
initial sample, namely an immobilised paramagnetic centre (R1)
(Fig. 5a) with the anisotropic magnetic-resonance parameters
gxx= 2.00535, gyy= 2.00415, gzz = 2.00238, AXX=AYY =
0.33, and Azz = 2.3 mT, and a more mobile paramagnetic
centre (R2) with g x = 2.00351 and g|| = 2.00212. The relative
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Figure 5. Typical 2 mm EPR absorption spectra (a, d) and the in-phase
(b) and it/2 out-of-phase (c) components of the dispersion signal of neutral
(a-c) and oxidised (z = 0.53) (d) polyaniline recorded at T = 300K. The
dashed lines represent the absorption spectrum of the radical R1 (a)
localised on the chain and the n/2 out-of-phase component of the
dispersion signal of the neutral sample at T = 200 K (c).

concentrations of these radicals TV,- depend both on the degree of
oxidation and on the temperature of the sample (Fig. 6a). The
concentrations of paramagnetic centres of both types increase
with increasing z (Table 4), which can be accounted for by an
increase in the number of spin charge carriers and by the
formation of a polaron lattice in PANI for z ^ 0 . 3 .

The paramagnetic centre R1 with an anisotropic EPR
spectrum can be attributed to the radical species ( —C6H4 —
NH — C6H4—)x localised on the polymer chain. Its magnetic
parameters differ somewhat from those of the structurally similar
radical — C6H4—N— C6H4 — ,26 This is apparently associated
with a lower degree of localisation of the unpaired electron on
the nitrogen atom (p£, = 0.39) and with a more planar conforma-
tion of the latter radical. The contribution of the CH groups of the
radical to gxx is small (gxx « 1.7 x 10 ~5, see Buchachenko and
Vasserman26), so that it can be neglected. The energies of the
excited electronic configurations of the radical R1 are
AEnn* = 3.8 eV and A£OIt- = 6.5 eV for p^ = 0.61.48

The averaged g-factor of the radicals R'(g) = \(gxx +
grr + gzz) is close to the isotropic g-factor R2{g) =
j(2gj_ + g||) for the paramagnetic centres R2. The polaron diffus-
ing along the polymer chain at an effective rate vjo ^ 109 s~~' [see
Eqn (2)] may therefore be responsible for the EPR spectrum of the
radical R2.

During the oxidation of the initial PANI sample, the perpen-
dicular component of the EPR spectrum becomes monotonically
narrower and the paramagnetic susceptibility increases (Table 4)
before the attainment of the degree of oxidation z = 0.53, which
constitutes additional evidence for the formation in the highly
conducting PANI of regions with a high spin density and rapid
spin-spin exchange. This fact as well as the decrease in the
g-factor for the radical R2 with increase in z may be associated
with the decrease in the spin density on the nucleus of the nitrogen
atom and the change in the conformation of the polymer chains.
The C - N - C bond angle in PANI is known ' ' to increase by 22°
on passing from the EB to the ES form. Calculation shows that
this may alter g± only by several per cent. A more significant
change in this magnetic parameter is induced by a change in the
dihedral angle 9, i.e. the angle between the planes of neighbouring
benzene rings. Taking into account the dependence of the overlap
integral of the pz orbitals of the nitrogen atoms and the carbon
atom of the PANI benzene ring in the/>ara-position relative to the
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Figure 6. Temperature variations of the relative concentration N\/N (a) and the g^A-factor (b) of the paramagnetic centres R1 localised in polyaniline
with different degrees of oxidation z: (7) and (/') 0; (2) and (2') < 0.01; (5) and ( i ' ) 0.02; (4) and (4') 0.2.
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TkMe 4. Dependence of the electrical conductivity (ffdc), the critical
temperature (To), the Pauli susceptibility (&,), the density of states at the
Fermi level [«(£F)], the distance between the polaron level and the Fermi
level (A}), the polaron localisation length (I), the concentration of

paramagnetic centres (JV), the line width (ABpp), and the spin-spin
relaxation time (T2) for polyaniline samples at T = 300 K on their degree
of oxidation z.

Parameter

<Tdc/S m ~ '

lO-To/K
10 6ZP
n(£F)/eV-1 mol"1

zb/eV
L/nm
10- l9N/ spins g-1

1O8T2/Sb

ABpp/mT

3 cm band
2 mm band

Degree of oxidation z

0.00

5 10-6

-
~0.8
0.04
—
-
1.0
0.62

1.06
1.50

0.01

6 lO"6

14
3
0.09
0.04
0.2
1.2
0.64

1.02
1.45

a The values of d3 were calculated by the formula J3

0.02

1-10-4

—
—
—
—
-
3.2
0.82

0.80
1.31

= 0.5 h2 (3n2 TV)2'3

0.06

2 10-2

-
-
—
—
-
4.7
2.3

0.28
-

0.20

100
1.2
51
1.6
0.33
1.1
22
5.2

0.125
0.60

0.30

270
-
-
—
—
—
55
4.5

0.145
-

0.39

560
0.97
86
2.7
0.52
1.2
91
5.0

0.125
0.29

mj1. b The times T2 were calculated by the formula r j 1 = 0.866yeABpp.

0.53

1780
0.18
101
3.2
0.61
6.8
195
15.0

0.035
0.162

nitrogen atom on the dihedral angle (/ ~ cos<?)13 and assuming
that 6 = 56° for the initial EB,49 it is possible to calculate the
effective dihedral angle and the spin density on the nitrogen atom
in the ES form of PANI with z = 0.2, which are respectively
0 = 33° and p*N = 0.42. The decrease in the angle 6 leads to an
increase in the transfer integral and hence to a greater delocalisa-
tion of the unpaired electron over the benzene rings. Thus the
change in the magnetic parameters on oxidation of PANI reflects
the transition to a more planar chain conformation.

It is important to note that the shape of the EPR spectrum of
the radical R2 in the ES form of PANI with z = 0.2 undergoes
major change at 300 K. Whereas the inequality gx > g\\is valid for
this sample when z < 0.2 and T sj300K, the inequality g|| >gL

actually holds when z = 0.2 and T^300K (Fig. 5). The latter
inequality remains unaltered for z 5= 0.2 in the temperature range
90 < T < 330 K. We recorded a similar transformation of the
spectrum previously50 on saturation of a PANI sample with water
vapour and explained it by a significant change in the conforma-
tion of the radical R2 as a consequence of the formation of H2O
bridges between the polymer chains. On the other hand, in the case
described the change in line shape can be accounted for by the
transformation of the polymer chains.

The components of the hyperfine structure, arising as a
consequence of the interaction of the unpaired electron with the
protons of the neighbouring benzene rings, have also been
recorded in the EPR spectra of PANI samples with z > 0.3. The
isotropic hyperfine interaction constant an is correlated with z and
varies in the range 5.0-9.6 uT for different samples, which
corresponds to a spin density p^ = (2.2-4.3) x 10~3. The density
of the unpaired electron delocalised over two benzene rings in a
solution of the EB form of PANI in dioxane is pj, = 1.5 x 10"2.48

•The data obtained therefore indicate the delocalisation of the
unpaired electron over a larger number of benzene rings owing to
the more planar conformation of the ES samples investigated.

Bell-like components with a Gaussian distribution of the spin
packets (Figs 5b and 5c), the intensity and shape of which depend
on the amplitude Bm and the frequency iom of the high-frequency
modulation, the amplitude of the magnetic component of the
radiofrequency field B\, and also on the spin-spin (TI) and
spin-lattice (T2) relaxation times of the paramagnetic centres,
have been recorded in the 2 mm EPR spectra of PANI samples.
The appearance of such signals is induced by the effect associated
with the rapid adiabatic passage of an inhomogeneously broad-
ened line,27 which may be accounted for as follows.

The shape of an individual spin packet in PANI is determined
by the time parameters xu z2, (VeA^pp)-1, ca^, (yeBm)-1,
(Ve^i)"1, and BiidBo/dt)-1. The distance between the spin
packets which have moved apart is Aa>y and varies linearly with
the recording frequency. On transition to stronger magnetic fields,
the frequency vex of the spin exchange between the paramagnetic
centres with S = - \ and ? « 2 , separated by a distance r,
decreases in accordance with the law51

as a consequence of which the interaction between the spin packets
diminishes and their width begins to depend on the recording
frequency.52

(8)

In the adiabatic passage of a saturated signal [i.e. when
yecom5m< Y2^2 and s = ye2?i(ti x2)

1/2 3* 1, where s is the EPR
signal saturation factor], a stationary trajectory of the para-
magnetic centre magnetisation vector is established and the
succeeding signal projections, for example the dispersion U,53

with the shape function g(ve) are recorded on the Z, — Z, and — X

axes.

) sin(<Mra<) + u2g(ve) sin(wmf - TC)

(9)

The inequality com TI > 1 is obtained for the EB form of PANI,
so that the dispersion signal is determined mainly by the last two
terms of Eqn (9). In this case the relaxation times may be
determined from the central amplitude of these components by
means of the following formulae:54

a

(10a)

(10b)

where Q = M3 u2' and 5io is the value of Bi for u\ — —u2.
In the EPR spectra of the ES form of PANI, the passage effects

are less appreciable and the relaxation times can therefore be
calculated from the formulae54



The nature and dynamics of nonlinear excitations in conducting polymers. Heteroaromatic polymers 529

Figure 7. Temperature variations of the effective spin-lattice (n)
(curves 1-3) and spin-spin (XT) (curves l'-4') relaxation times of the
paramagnetic centres in polyaniline with different degrees of oxidation r.
U) 0; (2) < 0.01; (3) 0.02; (4) 0.2.

(Ha)
2 c o m"l '

'2com(u, + 11K2) '
(lib)

Fig. 7 presents the temperature variations of the effective
relaxation times of the paramagnetic centres in different PANI
samples. Evidently the spin-lattice relaxation time diminishes
with increase in z, which indicates an increase in the number and
size of the quasi-metallic domains in the ES form of PANI. It also
follows from the figure that a temperature dependence of the type
rf1 ~ NT', where / = 3 - 4 for z sg 0.02 and / = 0.3 for
0.02 < z ^ 0.20, is characteristic of PANI, which is a conse-
quence of the sharp change in the rate of energy transfer from
the spin ensemble to the polymer lattice and a change in the
mechanism of charge transport during the oxidation of PANI.

The times TI and T2 are effective and are determined by the
relaxation times of the localised and mobile paramagnetic
centres — the radicals R1 and R2 at the concentrations Ni and
N2 respectively—so that for the general case one can write

Nxl\ = AT, (rri)loc + #2K2)mob . (12)

where N = Ni + Nj. This equation permits the separate determi-
nation of the relaxation parameters of the trapped and mobile
paramagnetic centres in the polymer.

We shall now consider the possibility of using the 2 mm EPR
spectroscopic method for the investigation of the dynamics of the
polymer chains in PANI and other conducting polymers in which
the paramagnetic centres exhibit an appreciable anisotropy of the
magnetic parameters. It is seen from Fig. 6b that the quantity gxx
for the radical R1 depends in a complex manner on the degree of
oxidation z and the temperature of PANI. The decrease in this
parameter with increase in z and/or temperature may be explained
both by the increase in the polarity of the microenvironment of the
radical R1 and by the acceleration of the small-scale vibrations of
the polymer chain and hence of the radical localised on the latter.
The motions of the macromolecules in this and other similar
polymers are anisotropic and are characterised by a correlation
time TC 3= 10~7 s.34-55 The 'linear' EPR absorption spectra are
usually insensitive to superslow motions and such molecular
processes are therefore better investigated by the RF-saturation
transfer method (ST-EPR).56

10 103/(r/K)

Figure 8. Arrhenius plot for the correlation times TC of the anisotropic
librations of the polymer chains in the EB form of polyaniline with the
degree of oxidation z = 0.

The ST-EPR method is based on the introduction into the test
system of a nitroxyl label or probe and the recording of the
spectrum of this radical under the conditions of the rapid passage
of the saturated signal. On rotation of the paramagnetic centres,
the above conditions may not be fulfilled for spin packets oriented
in a particular way relative to the direction of the external
magnetic field, as a result of which the form of the overall
spectrum changes. It had been shown earlier23 that the parameter
most sensitive to the anisotropy of the molecular dynamics is the
ratio of the components of the derivative of the dispersion signal,
Kmov = wf/«3r, \n out-of-phase. The sensitivity of the ST-EPR
method also depends on the anisotropy of the magnetic para-
meters of the paramagnetic centres and on the recording fre-
quency.56 Bearing in mind that the paramagnetic centres localised
on the polymer chain are themselves paramagnetic labels and are
characterised by an appreciable anisotropy of the magnetic
parameters, one may expect an increase in the effectiveness of
this method in the study of conducting compounds at the 2 mm
EPR band.

As can be seen from Fig. 5c, the parameter Armov increases
with increase in the temperature of the sample. This is a result of
the anisotropic librational reorientations of the pinned polarons
around the specified X axis of the polymer chains. The correlation
time for the librations of the chains, calculated from the ST-EPR
spectra by the method described by the present author,21"23 was
found to be given by the following expression for the initial PANI
sample:

/ 0.046 \
- 1TC = 2.4X 10"'expf

kT )
s,

in the temperature range 200 < 7"^ 90 K (Fig. 8). At higher
temperatures, the correlation time varies in accordance with the
law

where

18.1
' kn{eF)L3 = 1.5 x 107K.

Here To is the percolation constant, which depends on the density
of states TI(EF) on the Fermi level EF and L is the charge carrier
localisation length. Using n(ep) = 4.5xlO~2eV~1 mol~', it is
possible to obtain the polaron localisation length in neutral PANI,
which is 0.53 nm, and the most probable length of the 3D-hop of
the polaron between the chains R = 0.39 L(T0/T)1/4 = 3.1 nm at
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T = 300 K. The data obtained indicate a close relation between
the molecular spin dynamics in the EB form of PANI. With
increase in TC or with significant decrease in B\, the ST-EPR
spectrum becomes insensitive to the molecular dynamics and in
this case Kmov « 0.07. The maximum value of TC recorded at the
2 mm EPR band can be estimated from these data as ~ 10~4 s at
90 K.

We shall now consider the dynamic parameters of the polaron
in PANI. As in the case of a mobile soliton in trans-polyacety-
lene,24 the diffusion of the polaron along the polymer chain is
characterised by a translational propagator of motion Ptt (r, r0 ,T).
This quantity determines the probability at a time t = t that the ith
spin is located in the region r + dr relative to the new position of
they'th spin, which was located in the initial instant at the point r0

relative to the fth spin.
On solving the equation for Brownian diffusion

Qt
- = DttAP{r,r0,x), (13)

we find the propagator for a diffusing polaron subject to the initial
condition Pu (r,ro,x) = 5(ro — r), where D t r = [A] and i is the unit
vector for the molecular coordinate system. For a ID-system, the
above propagator is defined explicitly by the relation39

P(r,ro,x)lD = (4TIV1DT)' /2exp[-^ ~ *? J exp(-v3Dr). (14)

The mobile polaron induces a local magnetic field I W ) at the
location of other electron or nuclear spins, influencing thereby the
relaxation times of the latter. The relaxation time can therefore be
expressed in terms of the frequency function TI , 2 = / [J(a>)], where

J{co
f+O

) =

J-o
T) exp(-jon)dT.

Here J(co) is the spectral density function. The autocorrelation
function of a local field .BiocM fluctuating in a discrete system is

where A(r,t) is the probability that the spin is at a distance r at time
t and is equal to the spin concentration N, while F(r) is the
probability that two spins are at a distance r at time t. For
frequencies aXv1DCi2

D(r - ro)~
2 the spectral density function

assumes the form:57

J(m) = JV/1D(a>) | r - r0 (16)

where N = Ni + ( l /v^A^ is the probability that in the initial
instant the spin is in the position r\, J\x>{a>) = (2TI VID ve)~1/2 for
V 3 D < V C < V I D and / I D ( « ) = (2jtviDV3D)~1/2 for v 3 D »v e ,
F(ro)F*(r)flD(\r - ro\) = (3cos2S - I ) 2 n 3 r j 3 , and » is the angle
between the vectors ri and r2.

The relaxation times of the paramagnetic centres in PANI are
characterised by the relation TI,2 ~ iVa>i/2,45'48 so that the
experimental results presented in Fig. 7 may be interpreted
within the framework of the modulation of the spin relaxation of
the ID-diffusion of a polaron and its interchain hopping
3D-transfer at rates VID and V3D respectively. Since the electron
relaxation is determined mainly by the dipole-dipole interaction
between equivalent electron and nuclear spins, it follows subject to
the condition 5 = / = 5, that the equations for the rate of
relaxation39 in the polycrystalline sample can be more simply
formulated:

(17a)
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Figure 9. Temperature variations of the rates of diffusion of the polarons
along the chain (VID) and between the chains (V3D) in polyaniline with the
degrees of oxidation z = 0 (1), < 0.01 (2), and 0.02 (3) and also of the
electrical conductivity <Tac calculated within the framework of the
isoenergetic (continuous lines) and activated (dashed lines) interchain
charge transfer. The horizontal line corresponds to the effective value v3D

calculated by Eqns (16) and (17) subject to the condition ti a T2 for
polyaniline with z > 0.3.

X21 = {(Aco2)[37(0) + SJ{mt) + 2/(2a>e)] (17b)

= 4.13 x 10-38(v1D)-1/2[(v3D)- '/2
+ 2.28 x 10 - 6 ]£E , - ,

where ZS, is the lattice sum equal to 1.21 x 1057 m~6 for PANI.
Fig. 9 presents the temperature variations of the rates of

diffusion VJD and V3D of the paramagnetic centres in certain
PANI samples under the conditions of spin delocalisation over
five monomer units. Evidently the anisotropy of the spin dynamics
is a maximum in the initial sample (EB form) and diminishes with
increase in the degree of oxidation z. For comparatively high
degrees of oxidation (z > 0.2), the times ti and x2 are approx-
imately equal and depend only slightly on temperature in view of
the intense spin-spin exchange in the metal-like domains and the
increased dimensionality of the system. Bearing in mind that
TJ1 « t i" 1 it is possible to calculate V3D. It proved to be
1 .6x l0 1 2 s - ' for PANI samples with z 35 0.2 (Fig. 9). The
calculated values of VID are significantly smaller than the rate of
ID-diffusion of the polaron, obtained for PANI by mag-
netic-resonance methods in weak recording fields.45

It had been shown earlier45 that the anisotropy of the spin
diffusion in PANI at room temperature remains fairly high up to
z = 0.6, but it follows from Fig. 9 that the ratio VID/V3D remains
fairly high only in neutral and weakly oxidised samples. The
dimensionality of PANI increases on oxidation as a result of the
intensification of the interaction between the polymer chains, so
that the spin diffusion in this polymer becomes almost isotropic
for z 5« 0.2, which is characteristic of classical 3D-semi-
conductors. This finding constitutes unambiguous evidence for
the formation of massive quasi-metallic domains in the oxidised
polymer and for the increase in its dimensionality and crystallin-
ity, which we confirmed in an X-ray diffraction study of PANI.47

During the oxidation of the polymer, the concentration of electron
traps diminishes, which decreases the probability of the scattering
of electrons by lattice phonons and hence leads to a weaker
temperature dependence of the relaxation and dynamic para-
meters of the charge carriers in PANI, as happens in classical
inorganic amorphous semiconductors.59
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If one assumes that the diffusion coefficients D of the spin and
diamagnetic charge carriers are identical, it is possible to obtain
from Eqn (4) the quantity O\T>, which is 10 S m~' for the sample
with 0 < z < 0.02 at room temperature whereas 0-30 increases in
this range of z from l.Ox 10~3 to 0.5 S m~' . Subject to the
condition vm « V3D, these quantities are <TID = (5-18) X 103 and
C3D = (3-10) x 103 S m~' . Thus the rate of the interchain charge
transfer increases with increase in z, which constitutes additional
confirmation of the increase in the number and size of the
quasi-metallic 3D-domains in PANI.

As in other quasi-one-dimensional polymeric semiconductors,
different charge transfer processes may occur in PANI, such as
charge transfer along a 71-conjugated chain as well as the inter-
chain and interfibrillar charge transfer. Evidently the contribution
of each of these processes to the bulk conductivity depends on the
method of synthesis, structure, and degree of oxidation of the
polymer and also on the dynamics of the nonlinear excitations.

The data obtained at the 2 mm EPR band permit a more
correct and fuller determination of the mechanism of the charge
transfer in PANI. As shown above, the EB form of PANI exhibits
a strong temperature dependence of the spin-lattice relaxation
time. This means that the hops of the unpaired electron in PANI
are accompanied by the absorption or emission of a minimal
number of polymer lattice phonons. Since the linkage between the
spin and the lattice in the EB form of PANI is fairly strong,
multiphonon charge transfer processes predominate in this
system. The approach proposed for the description of the motion
of solitons in lightly doped trans-PA may therefore be used in the
study of the spin dynamics in the amorphous regions of PANI.50

The essential feature of this approach consists in the pho-
non-linked interchain tunnelling of the charge between isoener-
getic levels of the carriers under the conditions of Coulombic
interaction of a soliton with a charge q\ and an ion with the
opposite charge qi- The excess charge b.q = q\— qj may undergo
a phonon-linked transfer, with a finite probability, to a neutral
carrier moving along a neighbouring polymer chain. If in the
instant of such transfer the charge carrier is also in the vicinity of
the ion, then its energy before and after charge transfer remains
unchanged. In this case, the components of the electrical con-
ductivity of the polymer, in which the charge is transferred
between soliton levels, are determined by the probability that the
soliton is located near a charged ion and also by the probability
that the energies of the charge carriers are within the limits of kT,

(18a)

(18b)

where k\ = 0.45, ki = 1.39, and £3 are constants,
t(T) = y0(77300)"+1 is the hopping frequency of the charge
carrier, £ = (£||£j.)1''3, £\\ and £x are the averaged parallel and
perpendicular lengths of the charge carrier respectively,
No — NnNCh(Nn + AfCh)~2 (NB and N& are the numbers of the
neutral and charged carriers per monomer unit respectively), and
•Ro = t(ftA^)]~1/3 is the typical distance between ions at a
concentration TV,. The above temperature variations have been
obtained experimentally for lightly doped trans-PA 6 ' •62 and other
conducting polymers.63'64 It can be shown that, within the
framework of the approach considered, the following relation is
valid:

ir(ve - • 00) _ exp(1.9&i
=0)

(19)

where k\ — (0.4jtAf<{||{j_) '^3 is a constant. Calculation showed
that <7ac/<7dc « 130 for PANI at vc = 140 GHz.

It is essential to note that the approach described is valid in the
case of charge transfers by carriers with a small radius such as
solitons. This approach may also be used for the interpretation of
the spin dynamics in other conjugated polymers,64 for example in
tetrathiafulvalene (see below), where charge transfer is effected by
nonlinear excitations with a small radius.65 Apparently it can also
be used for the interpretation of the spin dynamics in PANI when
there are Na polarons with a charge q and Nca bipolarons with a
charge 2q in this polymer.

Fig. 9 presents the temperature dependence of the electrical
conductivity aac calculated from Eqn (18b) by using n = 12.9 and
<70 = 2.8 x 10- 12 S m - ' s K for the initial sample in the EB form
andn = 12.6and<70 = 8.8 x 10"14 S m" 1 s K for the sample with
0.02 > z > 0, as well as k3 = 1 x 1024 s K" + '. A satisfactory
agreement of the experimental v ! D ( r ) and theoretical <rac(r)
relations obtained for these samples follows from the figure.
Bearing in mind that the conductivity of PANI obeys the law
Cdc(7) ~ V(a= 12-20) for a low oxidation level,47 one may
conclude that the charge transfer mechanism considered operates
in PANI with z < 0.02.

An appreciable temperature dependence of <7ac may also be
observed on thermal activation of the charge carriers with an
energy £ a for activation from their energy level located in the gap
to the conductivity band. In this case the conductivities <7dc and <xac

can be determined from the equations 61

kT
(20a)

(20b)

where y is a constant which varies in the range 0.3<y<0.8
depending on the dimensionality of the system. Indeed the
V3D(7) relations can be fitted by the function <rac(7) calculated
from Eqn (20b) with y = 0.8 and a\c = 3.2 x 10-18

and £a = 0.06 eV at T

sample in which z = 0 and with aac = 1.4x 1 0 - " S m" 1 s08 K" 1

and Ea = 0.13 eV for samples in which 0.02 ^ z > 0 (Fig. 9).
However, the function ffdc( 7") for the initial sample has a higher
slope than should follow from Eqn (20b). Therefore the activation
mechanism of charge transfer can apparently be realised in a
polymer with an intermediate degree of oxidation.

The temperature dependence of the electrical conductivity of
PANI with z > 0 . 2 obeys the law odc = a 0 exp[- ( r 0 / r ) 1 / 2 ] . 4 7

This is evidence for charge transfer in the oxidised PANI within
the framework of the variable range hopping model.66 In this case,
one can write for the components of the electrical conductivity of a
system with a dimensionality d

<rdc = 0.39v0e
2 7i(eF)Z/i

kT

1/2 - ( T ) J (21a)

(21b)

where vo is the limiting hopping frequency approximately equal to
the frequency of the optical lattice phonon (vph ~ 1013 s~ ')•

Using the experimental values of n(sF) and the ff<jc(r)
relations, it is possible to determine v0 = 3.2 x 1013 s~'. Table 4
presents the constants L, To, and A 3 for different PANI samples. It
follows from the data presented that the polaron localisation
length is approximately equal to the coherence length for the
crystalline domains in the ES form of PANI,1 ' which indicates the
3D-delocalisation of electrons in these regions.

In PANI with z = 0.53, charge is transferred between crystal-
line quasi-metallic domains with a characteristic size 6.8 nm
(Table 4), located at a distance R = 0.25L(T0/T)1'2 = 4.2 nm
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(T = 300 K). The domain consists of polymer chains rolled as a
bundle in which the 3D-electron transfer predominates and
intense spin-spin exchange takes place. The appearance of a
Dyson-like line was recorded in the EPR spectrum of the sample
as a consequence of the increase in its conductivity (Fig. 5).
Assuming that the characteristic size of the particles is
r0 « 2 x 10~6 m, it is possible to calculate the alternating current
electrical conductivity of the polymer at room temperature:
o-ac = 2.5 x 105ro2v;' = 4.5 x 105 S m"1 . Next, the constants To

and L for an individual domain (To = 2100 K and L = 2.5 nm)
may be determined from Eqn (21b). 3D-Hopping of the polarons
takes place within the limits of the domain at a rate
v3D = 1 .6x l0 1 2 s - ' over a distance R = O.39L(ro/r)'/4 =
1.6 nm at T= 300 K. The latter value exceeds significantly the
interchain distance as a consequence of the structural disorder in
the crystalline domains. The rate of the ID-diffusion of the
polaron at room temperature, determined from the line width of
the 3 cm EPR spectrum, is viD = 2.0 x 1012 s"1. The similarity of
the rates of diffusion of the polaron along polymer chains and
between the chains confirms the quasi-three-dimensional isotropic
diffusion of the spin charge carrier in the oxidised polymer. The
rate of charge transfer in the vicinity of the Fermi level proved to
be OF = (2 Ami;1)"2 = 4.6 x 105 m s"1.

Thus the 2 mm EPR spectroscopic data obtained confirm the
existence in PANI of highly conducting domains dispersed in the
amorphous EB phase. On oxidation of the polymer, the number
and size of such domains increase and there is also an increase in
the dimensionality of the system. This process is accompanied by
an increase in the number of Pauli charge carriers and also by an
increase in the concentration of polarons. The transition from the
EB to the ES form of PANI leads to an increase in the rates of
relaxation and electrodynamic processes and to a change in the
mechanism of charge transport in the polymer. In the oxidised
sample with z §= 0.3, the concentration of paramagnetic centres is
approximately equal to the concentration of charge carriers. This
permits the conclusion that there is ID-charge transfer between the
quasi-metal domains and 3D-charge transfer in the polaron lattice
of these domains by polarons with a small radius in the ES form
of PANI.

VI. Polytetrathiafulvalene
The 3 cm EPR spectra of powder-like polytetrathiafulvalene
samples, in which the monomer TTF units are linked by phenyl
(PTTF-1) or tetrahydroanthracene (PTTF-2) bridges, represents a
superposition of the strongly anisotropic spectrum of immobilised
paramagnetic centres with gxx = 2.0147, gYY = 2.0067, and
gzz ~ 2.0028 and the almost symmetrical spectrum of mobile
polarons withg = 2.0071.18-67-68 The relatively high value of the
g-tensor of the radicals indicates an appreciable interaction of the
unpaired electron with the sulfur atom nucleus. The spin-lattice
relaxation time of the neutral PTTF-1 sample exhibits a tempera-
ture dependence of the type x\~T~', where a « 2 at
100<r<150K and a = 1 at 150< T<300K.6 7 6 8 Doping or
heating of the matrix leads to the appearance of a large number
of mobile paramagnetic centres and a change in their magnetic
and relaxation parameters as a consequence of the conversion of
the bipolarons into paramagnetic polarons. However, owing to
the low spectral resolution, it proved impossible to analyse using
the 3 cm EPR spectra the influence of the relaxation and dynamic
parameters of the initial paramagnetic centres on the conducting
properties of PTTF in greater detail.

The nature, composition, and dynamics of various paramag-
netic centres in the initial and iodine-doped PTTF samples were
investigated in greater detail at the 2 mm EPR band.18-23-69

Figs 10a and 10c present the EPR absorption spectra of
PTTF, from which it is possible to determine more accurately all
the components of the g-tensor and also to identify the lines
attributed to different paramagnetic centres. Computer simu-
lation demonstrated the presence in PTTF of two types of

i gxx

Figure 10. Typical 2 mm EPR absorption spectra (a, c) and also the
spectra of the in-phase (i) and n/2 out-of-phase (d) components of the
dispersion signals of the initial (a) and doped (c) polytetrathiafulvalene
samples recorded at 7 = 300 K (1) and 7*< 150K (2). The measured
magnetic parameters are indicated.

paramagnetic centres with temperature-independent components
of the g-tensors. The anisotropic spectrum of PTTF-1 is charact-
erised by the magnetic parameters gxx = 2.01424,gi'r = 2.00651,
and gzz = 2.00235, whereas the paramagnetic centres with an
almost symmetrical spectrum are recorded withgp = 2.00706. The
principal values of the g-tensor of the paramagnetic centres
localised in PTTF-2 are gxx = 2.01292, gYr = 2.00620, and
gzz — 2.00251, while the paramagnetic centres with a weakly
asymmetric spectrum are characterised by the parameters
g\ = 2.00961 and g\ = 2.00585. The ratio of the paramagnetic
centres with different forms of the spectrum is 1:1.8 for PTTF-1
and 3:1 for the neutral PTTF-2.

Since the average g-factors {g) for both types of paramagnetic
centres are approximately equal, one may conclude that, as in
other conducting polymers, there are in PTTF paramagnetic
centres with different mobilities, namely polarons diffusing
along polymer chains at a rate V[D > 5 x 109 s - 1 and polarons
pinned on traps and/or on short polymer chains.

On doping, the comparatively large iodine ions are incorpor-
ated into the polymer matrix, increasing the mobility of its polymer
chains. This is apparently the cause of the increase in the number of
delocalised polarons (Fig. 10c). The components of the g-tensor of
the mobile paramagnetic centres in PTTF-1 are fully averaged,
whereas in the case of PTTF-2 such averaging takes place only
partially. This finding can be accounted for by the different nature
and conformations of the monomer units of the polymers.

The width of the spectral components A2fpp of the para-
magnetic centres trapped in PTTF-1 depends only slightly on
temperature. However, A.Bpp for these paramagnetic centres
depends on the recording frequency, increasing from 0.28 to 0.38
and then to 3.9 mT (7"= 270 K) with increase in the recording
frequency from 9.5 to 37 and then to 140 GHz respectively. The
value Alippb for mobile polarons changes under these conditions
from 1.0 to 1.12 and then to 17.5 mT. The fact that the mobile
paramagnetic centres have a wider line than the pinned centres can
be accounted for by their stronger interaction with the dopant
molecules. This is typical for conducting polymers,2330 but
conflicts with the 3 cm EPR data obtained previously for
PTTF-1.67-68

Following a decrease in temperature by a factor of 2, the
components of the spectrum of the mobile polaron in PTTF-1 are
narrowed by 2.2 mT, which indicates an increase in the mobility of
the polaron. Such a change in A.Bppb is analogous to the
narrowing of the lines of the spin charge carriers in classical
metals.
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In the range of resonance frequencies 37 < ve < 140 GHz, the
line width for the paramagnetic centres varies in accordance with
Eqn (8), which indicates a weak interaction between the spin
packets in this polymer. As a result of this, at the 2 mm EPR band
the paramagnetic centres in PTTF are saturated for relatively low
values of Bi, so that rapid passage effects are manifested in the
in-phase and n/2 out-of-phase components of the dispersion
signal (Figs 10b and lOd). Since the inequality a>mti ^ 1 is valid
for the neutral PTTF-2 sample, its dispersion signal U is
determined mainly by the last two terms of Eqn (9). Since the
condition a>m TI < 1 holds for the doped samples, their dispersion
signal is determined by the u\ and 1/3 terms of this equation.

Modelling of the dispersion spectra showed that they are a
superposition of the dominant asymmetric spectrum of the
localised polarons with gxx— 2.01356, grr = 2.00603, and
gzz = 2.00215 for PTTF-1 and gxx = 2.01188, gYY = 2.00571,
and gzz = 2.00231 for the neutral PTTF-2 and of the spectrum of
mobile polarons (Fig. \0b).
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Figure 11. Temperature variations of the effective spin-lattice (TI) and
spin-spin (T2) relaxation times of the paramagnetic centres in polytetra-
thiafulvalene-1 samples with the doping level z = 0.4 (2) and also of
polytetrathiafulvalene-2 with the doping levels z = 0(1) and 0.1 (3).

Fig. 11 presents the temperature variations of the effective
relaxation times of the paramagnetic centres in both PTTF
samples calculated from the 2 mm EPR spectra by the equations
presented above. The time x\ varies with temperature in accor-
dance with the T~a law, where a > 3 for the trapped and mobile
polarons. The exponent a exceeds the corresponding value
obtained previously by the spin echo method in the 3 cm EPR
band.67 The slight difference between the time T™ob and T1,00 may be
induced, for example, by the strong interaction between the
different paramagnetic centres.

It is seen from Fig. lOrf that an increase in temperature leads
to an increase in the parameter Kmov = u$/u\. As in the case of
PANI, this is a result of the anisotropic librational reorientations
of the pinned polarons about a specified X axis of the polymer
chains. The correlation time of such molecular motions, calcu-
lated by the method described by the present author,23 was

for the PTTF-1 sample with the maximum value xc« 10~4 s
(T = 75 K). The activation energies for the librations and
the interchain charge transfer in the doped PTTF-1 are

comparable,67-69 which indicates interaction of the pinned
and mobile polarons in this polymer matrix.

The degree of saturation transfer depends not only on the
dynamics and anisotropy of the magnetic parameters of the
paramagnetic centres but also on the level of doping of the
polymer. Thus the correlation time for the chain librations of the
PTTF-2 samples, determined by the ST-EPR method, was

On doping, the chains of this polymer become more rigid,
which leads to a higher slope of the Arrhenius relation for this
sample.23

As in the case of PANI, both ID-diffusion and 3D-hopping of
the polaron at rates vm and V3D respectively take place in PTTF.
Figs 12 and 13 present the temperature variations of these rates
for PTTF-1 and PTTF-2 respectively calculated by Eqns (16) and
(17) using the data presented in Fig. 11. If one assumes a spin
delocalisation on the polaron equal to five monomer units, then
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Figure 12. Temperature variations of the rates of diffusion of the polarons
along the chain (VID) and between the chains (v3D) and of the electrical
conductivity <7ac calculated within the framework of the isoenergetic
(continuous line) and activated (dashed line) interchain charge transfer
in polytetrathiafulvalene-1 with the doping level z = 0.4.

300 77 K

Figure 13. Temperature variations of the rates of diffusion of the polarons
along the chain (VID) and between the chains (V3D) in polytetrathiafulva-
lene-2 samples with the doping levels z = 0(1,1') and 0.1 (2,2') and also of
the electrical conductivity o-ac calculated within the framework of the
isoenergetic (continuous line) and isoenergetic-activated (dashed line)
interchain charge transfer.
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viD is 2 x 1010 s - 1 for PTTF-1 and 2 x 1012 s - 1 for the neutral
PTTF-2 sample at room temperature. This quantity is smaller by
at least two orders of magnitude than the frequency of the spin
ID-diffusion in PP7 0 and PANI33 obtained previously by mag-
netic-resonance methods at low recording frequencies, but
exceeds the frequency v?D calculated earlier. The anisotropy of
the spin dynamics vm/v3D in PTTF at room temperature exceeds
10 and increases as the temperature is reduced.

Evidently the spin dynamics play a significant role in the
charge transfer process. When the diffusion coefficients of the
spins and charge carriers are equal and for Afc = 6.9 x 10~5 of an
electron per monomer unit, the components of the conductivity of
PTTF-1, calculated by Eqn (4), are am « 0.1 and o3D«
4x 10~3 S m~' at room temperature. The value a\o obtained
exceeds significantly the electrical conductivity of the sample
measured using a direct current (cdc « 10~3 S m~')-67 Indeed,
the macroscopic parameter ffdc which reflects the hopping charge
transfer between polymer chains, should not exceed the micro-
conductivity, because VJD 3> V3D. Taking into account the different
temperature variations of the conductivities a\o and <73D and also
the charge transfer in PTTF by polarons with a small radius,65 one
may postulate that isoenergetic charge transfer takes place in this
sample.60

As can be seen from Fig. 12, the function VID(T) correlates
satisfactorily with the function oiD(T) = 2.4r- '(81 -13.6 lnJ) 4

calculated from Eqn (18b) within the framework of the approach
considered. According to Eqn (18a), the isoenergetic charge
transport should also lead to the temperature dependence
°dc(T) « T12-6, but the experimental 0-30 has a temperature
variation of the type67

'^-kf.

Thus the dynamic process considered must be analysed within
the framework of thermally activated polaron hops to the edges of
the conductivity band.

Indeed, the temperature variation of the rate of diffusion V|D
for the PTTF-1 sample can be fitted satisfactorily by the function
(20b) with < T O = 8 . 3 x l 0 - 1 4 S s m - 1 K - \ ve = 1.4x10" s~l ,
y = 0.8, and £ a = 0.04 eV (Fig. 13). The value of £ a obtained is
close to the activation energy for the interchain charge transfer
(£a = 0.03 eV) at low temperatures.67-68 Furthermore, this quan-
tity corresponds to the activation energy for the librations of the
chains in PTTF calculated above. This fact permits the conclusion
that the conductivity of PTTF is determined predominantly by the
interchain phonon-assisted polaron hopping.

The probability of charge transfer is determined by the
strength of the interaction of the electron with the lattice, the
interchain transfer of which is accompanied by the absorption of a
minimal number m of lattice phonons. It follows from Fig. 12 that
the rate of the interchain spin transfer in PTTF-1 varies with
temperature in accordance with the law V3D « T*'1'. On the other
hand, the spin - lattice relaxation time of the paramagnetic centres
has a temperature dependence of the type Ti(T) « I*3-6 (Fig. 11),
which is a consequence of a multiphonon process. Adopting
£'a = m/ivph and assuming that the averaged value <m> = 4.2,
one may calculate vPh for phonons in this sample as
vPh = 2.5 x 1013 s~', which is typical for conducting polymers.
Thus, as a consequence of the strong electron-phonon inter-
action, the conductivity of the polymer is initiated by the
librations of the polymer chains and is determined by multi-
phonon processes.

On passing from PTTF-1 to PTTF-2, the frequency v1D

increases approximately by two orders of magnitude at room
temperature (Figs 12 and 13), which is apparently associated with
the more planar conformation of the monomer units in PTTF-2.
Indeed, the gxx parameter of the g-tensor changes by
bgxx — 1.32 x 10~3 in this transition. Bearing in mind the
dependence of the overlap integral / and the spin density on the

sulfur nucleus ps on the dihedral angle 0 in the form / ~ cos 0 and
ps ~ sin 0,13 it is possible to calculate by Eqn (1) the change A0 in
such a transition, which amounts to 22°. We may note that a
similar conformational change occurs on passing from the
benzenoid to the quinonoid form of PPP12 and also on transition
from the EB to the ES form of PANI.49

If it is postulated that a certain number of bipolarons
(concentration NBP) with a charge 2e are present in PTTF, an
attempt may be made to interpret the spin dynamics in PTTF-2
within the framework of isoenergetic electron transport.60 The
quantities n and A ĥ may be determined from the V\D(T) relation
presented in Fig. 13: n = 12.2 and AfCh = JVBP = 7.5 x lO"5. Using
thevaluesiV = 2x 1023 m~3andciD = 1-2 nm, as well as the data
presented in Fig. 13, it is possible to calculate by Eqn (4) the
conductivity <7ID, which amounts to 1.8 S m~' at room tempera-
ture. Adopting f n = 6 nm, t,L = 0.6 nm, Nn = Np= 6.7 x 10~4,
M> = 0.11, and % = 2 x 10~6 S m"1 ,67 we obtain from
Eqns(18) Ro = 4.\ nm, y(T) = 4.0x 10~23r13-2 s~l, and N,• =
3.3 x 1024 m~3. Fig. 13 shows that the aiD(T) relation, derived
from Eqn (18a) for a neutral PTTF-2 sample, fits the function
VID(7) fairly satisfactorily.

The rate of diffusion of the polaron in doped PTTF-2 samples
varies approximately linearly in the region of low temperatures
and is characterised by a high slope at higher temperatures
(Fig. 13). This justifies the assumption that the charge transfer in
the PTTF polymers is effected within the framework of the
variable range hopping model at low temperatures with a
contribution by the activated charge transfer at higher tempera-
tures. Putting L = {, d = 3, and v0 = vph = 3.6 x 1013 s~', it is
possible to determine by Eqn (21) r o = 7 .8xl0 7 K and
nfa) = 7.9 x 10~4 eV~' monomer"1 for these polymers.

The high-temperature part of the V3D(7) relation is described
satisfactorily by Eqn (20b) for y = 0.8 and £ a = 0.035 eV
(Fig. 13). The latter quantity is close to the activation energies
for the superslow librations of the PTTF polymer chains and also
for the interchain charge transfer in PTTF-1. This finding
indicates a close relation between the molecular dynamics and
the charge transfer process in PTTF and confirms the earlier
hypothesis71 that the fluctuations of the lattice vibrations,
including librations, may modulate the interchain electron trans-
fer integral for conducting compounds. The polymer chains in
PTTF-1 are less rigid than in PTTF-2, so that the above
modulation in this polymer occurs at lower temperatures
(Figs 12 and 13).

The intensification of the libron-exciton interactions at high
temperatures indicates the formation in doped PTTF of complex
quasi-particles — a molecular-lattice polaron.72 Within the
framework of this phenomenological model, it is postulated that
the molecular polaron, the mobility of which is characterised by
the temperature variation Hm ~ T, is additionally coated by a
lattice polarisation shell. Since the mobility of the lattice polaron
H\ is expressed by an activation function, the resultant mobility of
the molecular-lattice polaron is expressed by the sum

(22)

where a and b are constants. Since the formation energies of the
molecular polaron in PTTF and polyacetylene crystals are similar,
EPm = 0.15 eV,73 it is possible to determine the formation energy
of the molecular-lattice polaron in PTTF as £pmi =
•Epm + Ep\ = 0.19 eV. The time necessary for the polarisation of
the atomic and molecular orbitals of the polymer is then
TC « /J-Epmi = 2.2 x 10~14 s at room temperature. This time is
significantly shorter than the characteristic polaron diffusion
time in PTTF, i.e. the minimum time of the ID- and 3D-hops of
the charge carriers exceeds significantly the polarisation time of
the microenvironment of these carriers in the polymer: Th > t e .
Consequently this inequality is a necessary and sufficient condi-
tion for the electronic polarisation of the polymer chains by the
charge carriers.
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The Fermi velocity UF of the polarons in PTTF is
1.9 x 103 m s~l (see Ref. 23) and is close to the corresponding
value for PANI. The length of the free path /* of the charge carrier
in different PTTF specimen is /* = v1DclDv^1 = 10~2-10~4 nm.
The latter quantity is too small to regard the PTTF polymer as a
quasi-one-dimensional metal.

Thus both ID- and 3D-spin dynamics occur in PTTF,
influencing significantly the charge transfer processes. The con-
ductivity of the polymer is determined mainly by the interchain
transfer of the positive charge, but, in the analysis of the transport
properties of PTTF, account must also be taken of the ID-
diffusion of the spin and spin-free charge carriers.

VII. Conclusion
The data obtained demonstrate clearly the advantages of the EPR
method in the study of conducting polymers at the 2 mm band.
The high spectral resolution with respect to the g-factor achieved
in this range makes it possible to record more accurately and
separately the components of the g-tensor of organic radicals and
hence makes it possible to analyse more fully and correctly the
magnetic parameters of paramagnetic centres with different
mobilities. The combination of a high resolving power with a
low spin-spin cross-interaction permits a more effective employ-
ment of the paramagnetic centre steady-state saturation and
saturation transfer methods as well as the spin label and probe
method for the investigation in this frequency band of the detailed
characteristics of the anisotropic molecular and spin dynamics in
organic polymeric semiconductors.

The data presented demonstrate the great variety of the
electronic processes occurring in organic conducting polymers.
The fundamental properties of polymeric semiconductors are
determined by the structure and conformation of the polymer
chains, the nature and amount of the dopant introduced, and, in
the first place, by the dynamics of the nonlinear excitations of the
polarons and bipolarons participating in the charge transfer.

The polarons are formed on the chains of the polymer in the
initial stage of its doping. With increase in the doping level, they
may recombine into bipolarons. Incidentally, this process may be
hindered by the structural or conformational characteristics of the
polymer. The charge transfer mechanism changes on doping.
Thus the conductivity of a neutral and lightly doped polymer are
determined largely by the isoenergetic tunnelling of the charge
between polymer chains, which is characterised by a fairly strong
interaction of the spins with the lattice phonons. At an inter-
mediate doping level, the charge is as a rule transferred by an
activated mechanism and this process is initiated by the superslow
anisotropic librations of the polymer chains. Finally, the variable
range hopping interchain charge transfer, accompanied by com-
paratively weak scattering of electrons by the lattice phonons,
predominates in the relatively highly conducting polymers.
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Abstract. Data on the structure, methods of synthesis, and
applications of positively charged lipids are presented. Their
likely usefulness as antitumour and antiviral agents and also as
antagonists of the platelet activating factor and transfection
mediators is demonstrated. The bibliography includes 80 refer-
ences.

I. Introduction
There has been a considerable growth of interest in recent years in
a new type of modified glycerolipids containing a positively
charged group (cationic lipids). Such interest in compounds of
this class is due to the possibility of their wide scale employment in
the transportation of genetic material and other macromolecules
into cells of animal origin and plant protoplasts and also in the
creation of artificial membranes with an affinity for negatively
charged cell surfaces. Their antitumour activity, partly associated
with the inhibition of protein kinase C and diacylglycerol kinase,
is also known. Many representatives of cationic lipids inhibit
effectively the replication of the HIV-1 virus. In addition, promis-
ing antagonists of the lipid bioregulator — the platelet activating
factor (PAF) have been discovered among them. All these features
lead to the possibility of devising chemotherapeutic preparations
of a new type oh the basis of positively charged lipids.

II. The structure and synthesis of positively
charged lipids
Among positively charged lipids, particular attention has been
devoted to glycerol derivatives. Cationic glycerolipids have a wide
variety of structures, but their common feature is the presence of a
positively charged head, an intramolecularly uncompensated
negatively charged group, and one or several long-chain substi-
tuents in the hydrophobic part of the molecule. It has been
established that the length of the chains of the substituents at the
C(l) and C(2) atoms of glycerol, the type of cationic head, and also
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the presence of a spacer group, separating it from the glycerol
fragment, exert a significant influence on the biological activity
exhibited by a particular compound.

1. Tetraalkylammonium derivatives
The quaternary ammonium detergents 1-4 in liposomes have
found applications in the transfection of genetic material into cells
of animal origin.' ~3

Me

Me

Com-

pound

1

2

3

4

/ R2

1-4

Name"

DEBDA

DTAB

TTAB

CTAB

R1

CH2C6H5

Me

Me

Me

R2

( C 2 H 4 O h — ^ ^

(CH2),,Me

(CH2)13Me

(CH2),5Me

X

OH

Br

Br

Br

a DEBDA = diisobutylcresoxyethoxyethyldimethylbenzylammonium
hydroxide, DTAB = dodecyltrimethylammonium bromide, TTAB =
tetradecyltrimethylammonium bromide, CTAB = cetyltrimethylammo-
nium bromide.

These cationic lipids are fairly widely distributed and are
cheap. They can be synthesised by simple chemical reactions and
can be incorporated in liposomes having different compositions in
order to stabilise the bilayer. The tetraalkylammonium derivatives
5 and 6, incorporating carbohydrates as the structural fragments
(the so-called bolaamphiphiles) are regarded as promising amphi-
philes for negatively charged polyelectrolytes such as nucleic
acids. The presence of the electrically neutral carbohydrate
fragment at one end of the long-chain residue and of an electro-
positive group at the other ensures their amphiphilic properties.4

The mannose bolaamphiphiles 5 have been synthesised by
alkylating thio-a-D-mannopyranose with the corresponding
co-iodo(or bromo)-a-trimethy lalky lammonio-deri vati ves.
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5a-d, 6

R = (CH2)nC(O)O(CH2)2N+Me3 Cl~ (5a),

(CH2) 11 C(O)NH(CH2)2N+Me3 Cl - (5b),

(CH2)UC(O)O(CH2)UN+Me3 Cl" (5c),

(CH2)9C(O)O(CH2)nC(O)NH(CH2)2N+Me3

O
II

.C.
— T O(CH2)UN+Me3 Cl" ...

(o)
l^ ^O(CH2)UN+Me3 Cl"

II
O

(5d),

The bolaamphiphile 6, containing two hydrocarbon chains,
has been obtained by adding thiomannose to the corresponding
maleic acid diester.

O(CH2)nN+Me3 Cl-

^.O(CH2)i,N+Me3 Cl-

In order to investigate the influence of a series of quaternary
ammonium derivatives of types 7-10 on normal and neoplastic
cells, a series of such derivatives have been synthesised.5"7

CH2—XR

CH2—Y+ Z -

7-10

Com- R X Y Z
pound

(CH2)nMe,
n = 14, 16

OC(O) N(Me)2(CH2)2OH

H, Ph, (CH2)nMe, O
n = 11, 13, 15, 17

N(Me)2(CH2)nOH,
n = 2 - 4

Br

I

2. Synthetic amphiphiles — aminoacid derivatives
Lipophilic derivatives of aminoacids, peptides, and polyamines
have proved fairly effective in the transfection of DNA into
eukaryotic cells.

The new cationic amphiphiles 11 and 12 have been recently
synthesised from glutamic acid.8

Me(CH2) 11OCO—CH—NHCC

Me(CH2)i 1OCO—(CH2)2

n = 2, 4, 6, 8

/
-O(CH2)n— N + Me3 Br"

11

Me(CH2)nOCO—CH—NHCO—(CH2)n —N + Me 3 X "

Me(CH2)nOCO—(CH2)2 12

n = 1,X = Cl; n = 5 ,X = Br

Lipopoly-L-lysine 13 (LPLL) has been attained in accordance
with Scheme 1 by the reaction of poly-L-lysine and 7V-glutaryl-
phosphatidylethanolamine in the presence of JV-hydroxysuccini-
mide and dicyclohexylcarbodiimide (DCCD).9

Compound 13 usually includes two molecules of the phos-
pholipid per poly-L-lysine molecule.

Lipophilic polyamines — the lipospermines 14 and 15 — have
proved to be effective mediators of the transfection of DNA.10

Me(CH2)i6

Me(CH2),6
N—CO—CH2NHCO—CH—(CH2)3NH2(CH2)3NH3

14 "NH2(CH2)3NH3

—OCO(CH2)i4Me

—OCO(CH2)i4Me

o-
I[—OPO(CH2)2NHCO— CH—(CH2)3NH2(CH2)3NH3

O +NH2(CH2)3NH3

15

The lipospermines 14 and 15 have been synthesised by the
reaction of protected L-5-carboxyspermine with the lipophilic
glycine ^TV-diheptadecylamide and dipalmitoylphosphatidyl-
ethanolamine (DPPE) respectively.

10

(CH2),5Me

(CH2)6Me

N(Me)2(CH2)2OH,
NC5H5

OC(O) NMe3

Br Boc Boc

BocNH—(CH2)3N—(CH2)3CH—N(CH2)3—NHBoc
1 COOH

The synthesis of these compounds is based on the quaternisa-
tion of tertiary amines or aromatic heterocyclic bases by
|3-haloethanolamine with subsequent alkylation or acylation of
the free hydroxy-group.

—(NH—CH—CO—NH—CH—CO),,— +

(CH2)4

NH2

(CH2)4

NH2

—OR

—OR

o-
—OPO(CH2)2NHCO(CH2)4COOH

O

(CH2CO)2NOH, DCCD

—(NH—CH—CO— NH—CH—CO)n —

(CH2)4 (CH2)4

Scheme 1

NH2 NH—CO(CH2)4CONH(CH2)2O:
II

13 O

O
OR

OR
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1. [Me(CH2)i6]2NCOCH2NH2
2. CF3COOH

1. (CH2CO)2NOH, DCCD

2. DPPE

3. CF3COOH

14

15

3. Cationic lipids — glycerol derivatives
The commonest type of cationic lipids may be represented by the
general formula 16.'' ~15

1—XR1

UoR2

I—ZY+ Q -

16

X = O, S, or OCONH; R1 = alkyl, alkenyl, and acyl (C10-C20), alkyls
with aromatic and heterocyclic residues, etc.; R2 = long-chain (C10-C20)
or short-chain (Ci -Cs) alkyl and acyl substituents; Z = spacer groups of
different types (their absence is also possible); Y + = ammonium and
sulfonium groups or heterocyclic heads in which positively charged
nitrogen or sulfur atoms are incorporated; Q = Hal, AcO, TsO, etc.
counterions.

Depending on the nature of the substituents R1 and R2 in the
hydrophobic part of the molecule, the cationic lipids of a given
type can be subdivided into several varieties, which determine the
methods of their synthesis and their applications:

(a) positively charged lipids with long-chain alkyl substituents
[R1 = R2 = Alkyl(C,o - C2o)]

(b) lipids with long-chain and short-chain alkyl substituents
[R1 = Alkyl(Cio-C2o), R2 = Alkyl(Ci-C8)];

(c) cationic glycerolipids with long-chain acyl substituents;
(d) mixed type lipids containing alkyl, acyl, acylcarbamoyl,

and other types of long-chain and short-chain substituents in
various combinations.

a. Cationic lipids with long-chain alkyl substituents
The compounds having the general formula 17 are used for the
transfection of various biologically active substances (nucleosides,
polynucleotides, peptides, hormones, etc.), containing a nega-
tively charged section, into cells of animal origin and plant
protoplasts.11"15

CH2—OR1

CH—OR2

(CH2)n— NR3R4R5 Q "

17

R1 = R2 = alkenyl or alkyl (C10-C20); R3 = R4 = R5 = Me or Et;
n = 1 - 4 (predominantly n = 1); Q = Hal

These lipids are usually incorporated in liposomes produced
from phosphatidylcholine (PC) or phosphatidylethanolamine
(PE) in the molar proportions cationic lipid: phospholipid =
1:1. This ratio may vary depending on the type of the transfected
substance and the target cells.1 '• 12>l4

The scheme used in the synthesis of the lipids 17 is fairly simple
and includes stages involving the alkylation of the aminodiol
system with subsequent quaternisation of the amino-group.11-12

1—OH

[—OH
I— NR3R4

1—OR1

UoR2

I— NR3R4

R'Q
1—OR1

UoR2

I—N+R3R4R5 Q-

Racemic mixtures are usually obtained via this scheme with
R1 = R2, while R3, R4, and R5 are different or the same but are not
incorporated into aromatic systems. Optically active compounds
of this type [(S)-isomers] are synthesised via Scheme 2 from 3,4-
isopropylidene-D-mannitol.14

CH2OH

HOCH

OCH

Scheme 2

CMe2
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2.H+

HCO

HCOH

CH2OH

CH2OR1
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HOCH
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CH2OR1

l.IOJ
2.[H]

l.TsCl/Py
2. NHR2R3

3. R4Q
CH2—OR1

—*• R'O—CH

CH2— OH

CH2—OR1

—»- R'O—CH

CH2—N+R2R3R4 Q "

18

Optically active compounds with various alkyl residues R1

and R2 are synthesised from 2,5-dibenzyl-D-mannitol.

H2OH

BzlOCH

HOCH

HCOH

HCOBzl

CH2OH

CH2OH

BzlOCH

OCH

T

CH2OH

CH2OR

CH2OR1

CH2OR1

R2OCH

HOCH

HCOH

HCOR2

CH2OR1

Positively charged glycerolipids of the alkyl type with various
substituents in the hydrophobic part of the molecule are then
synthesised similarly to Scheme 2.

In order to obtain compounds containing a spacer group
comprising 2 - 8 methylene groups, the derivative 19 is synthesised
initially (Scheme 3) and is then converted into cationic lipids by
the method described above.
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H2C=CH—(CH2)n_ ,CH2OH
Me3N(O)-2H;O

OsO4

l.Me2Co,CuSO4,H2SO4
H O H 2 C - C H - ( C H 2 ) n . l C H 2 O H 2 C H a = C H _ C H 2 B r ,

OH N a H

H2C—O Me

C
rn-. \j Me

(CH2)n_ ,CH2OCH2CH=CH2

H2C—OR

HC—OR

(CH2)n_ iCH2OCH2CH=CH2

[H], (Ph3P)3RhCl ^

Scheme 3

H2C—OR

HC—OR

(CH2)nOH

19

b. Positively charged lipids with long-chain and short-chain
substituents of the alkyl type
This group of lipids has been investigated most vigorously because I—XR1

its representatives exhibit an inhibiting activity on the growth of —OH
neoplastic cells and are also effective antagonists of the lipid I O H

bioregulator of the platelet activating factor. Certain compounds
are capable of suppressing the development of the HIV-1 virus. In
a general form, the structure of such glycerolipids can be
represented as follows:

i—XR1

UoR2

I—Z-Y+ Q"; 20 —*

X = O or S;
R1 = alkenyl or alkyl (Cio-C2o), a branched alkyl, an alkyl with

aromatic substituents, naphthylaryl, or aryl;
R2 = alkyl (Ci -C4), a cyclic alkyl, heterocycles (pyridine, triazoline,

pyrazine, etc.), H, orCH2CF3;
Z = bond, O(CH2)n (n = 1-7) , (OCH2CH2)n (n = l -3),S(CH2)n

(n = 1,2), a spacer group of the alkyl or arylalkyl type, etc.;
Y = NR'R2R3, where R1 = R2 = R3 = Me or Et, R1 = R2 = Me and
R3 = (CH2)2OH or (CH2)3OH, or R1, R2, and R3 may be combined into
heterocycles; Q = Hal, MsO, TsO, etc.

The groups R1 and R2 may be combined into an acetal ring
with a long-chain alkyl group (for example, R1 = C17H35 and
R 2 = H).16,17

R-

21•—Z-Y4

The cationic glycerolipids 22, containing a spacer group of the
succinyl type, are synthesised in accordance with Scheme 4.18 '19

The synthesis of compound 23, containing a cationic group
attached directly to the glycerol fragment, involves the prelimi-
nary preparation of disubstituted glycerols using a trityl protect-
ing group.1

1—OR1

(CH2CO)2O rOR1

OR2

Scheme 4

SOC12

1 OCO(CH2)2COOH

EOR1

OR2

OCO(CH2)2COC1

l.HO(CH2)2NMe2

2. MeQ

1—OR1

UoR2

I—OCO(CH2)2COO(CH2)2N+Me3 Q "

22

TrCl

1—XR1

UoR2

I—OH

1—XR1

UoR2

I—Br

pXR 1

^ O H

I—OTr

MsCl

R2I
XR1

- OTr

XR1

NR3R4R5

r
•—OSO2CH3

l—XR1

LiBr

R3R4R5 Br -

23

Various approaches are used in the preparation of compounds
containing a spacer group depending on the structure of the latter.

If the quaternary ammonium group is separated from the
glycerol fragment by several methylene groups, compound 24 is
synthesised and then converted into cationic lipids by traditional
methods.16

CH2—XR1

CH—OR2

CH2—Br HO(CH2)nO

CH2—XR1

CH—OR2

I
CH2—O(CH2)nO

CH2—XR1

CH—OR2

CH2—O(CH2)nOH

24

The 3-(2-hydroxyethoxy)- and 3-[2-(2-hydroxyethoxy)-
ethoxy]-residues are also used as spacer groups. They are intro-
duced into the molecule by treating the corresponding tosyl
derivatives of mono- or di-alkylglycerols with ethylene glycol or
diethylene glycol.20

A series of cationic lipids 26 with a spacer group have
been obtained from l-O-alkyl-2-O-benzyl-rae-glycerols 25
(Scheme 5).21'22

The synthesis of positively charged lipids 27, having an
ethylthio spacer group, has been reported.6-23

OR1

OR2

Br

HS(CH2)2OH

EOR1

OR2

S(CH2)2Br

OR1

OR2

•S(CH2)2OH

CBr4, PPh3

NR3R"R5 1—OR1

UoR2

I—S(CH2)2N
 + R3R4R5 Br-

27
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Br(CH2)nBr

OR1

I—OH

25 MsO(CH2)nNR3

OR1

OBzl
O(CH2)nBr

OR1

OBzl

O(CH2)nNR3R4

1 NR3R4R5

2. H2, Pd/C

1. RsBr
2. H2, Pd/C
3. R2Br

pOR1

UoH
1—O(CH2)n— N

1 R2Hal

pOR1

UoR2

1—O(CH2)n—N

26

+ R3R4R5 Br

+ R3R4R5 Br

Scheme 5

Compounds of types 28 and 29, containing heterocycles as the
substituent R2 and the (OCH2CH2)n group as the spacer, are
synthesised in accordance with Scheme 6.24

SR1

r-OR1

H(OCH2CH2)nOH
i—OR1

p O H
I—(OCH2CH2)nOH

Scheme 6

l.TsCl
2. NR3R4R5

l.R2Hal
2. Ion exchangeEOR1

OH

(OCH2CH2)nN+R3R4Rs TsO"

28

pOR 1

—*• UoR 2

I—(OCH2CH2)nN
+R3R4R5 Q-

29

The scheme may be modified by employing the trityl protect-
ing group.

—OR1

—OH

—(OCH2CH2)nOH

l.TrCl
2. R2Hal

EOR1

OR2

(OCH2CH2)nOTs

EOR1

OR2

•(OCH2CH2)nOTr
l.NR3R4Rs

2. Ion exchange

2. TsCl

pOR 1

—*• U-OR2

I—(OCH2CH2)«N+R3R4R5 Q-

The method involving the reductive cleavage of cyclic acetals
has been used in the synthesis of the disubstituted thioglycerol
derivative 30, which is converted into cationic lipids by traditional
methods.25

I /
CH2O

C H C 6 H 5

|—SAc
h-OMe
I—OBzl

LiAlH4, A1C13

I—SH

pOMe
L- OBzl

p O H
h-OMe
L-OBzl

|—SR1

1—Z-Y+ Q-

Together with lipids containing alkylammonium groups as the
polar head, compounds incorporating various heterocycles have
been obtained.22-26-27

c. Cationic lipids with long-chain acyl substituents
2,3-Dioleoyloxypropyltrimethylammonium chloride 31
(DOTAP) is one of the commonest glycerolipids of this series.

pOCO(CH2)7CH=CH(CH2)7Me

—N + Me3 Cl

31

This lipid is used to investigate the processes involving the
fusion of liposomes carrying opposite charges, the mixing of the
biologically active substances incorporated in them, and their
possible transport through a liposomal bilayer.

DOTAP is synthesised by acylating 3-bromopropane-l,2-diol
with subsequent quaternisation of the resulting compound with
trimethylamine.28

The synthesis of the positively charged lipids 32a-c contain-
ing various cationic groups and higher aliphatic acid residues has
been described.7

pOCOC7H15

pOCOC7H l5

L Y+ i -

32a-c

Y = NMe3 (a), N ! (b), N \ (c)

Me Me

The general scheme for the synthesis of compounds 32 can be
represented as follows:

OH
C7H15COCI

pOCOC7H,5
Mel

32a-c

Y = NMe2 (a), (b), (c)

30

Compounds 32a-c are inhibitors of the membrane-bound
protein kinase C to the same extent as cationic lipids of the alkyl
ether type having a short-chain substituent at the C(2) atom of the
glycerol fragment.7
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g. Cationic lipids of the mixed type
Among positively charged glycerolipids of the mixed acylalkyl
ether, alkyl ether, or acylcarbamoyl types, a series of effective
antagonists of the platelet activating factor as well as compounds
with antitumour activity have been discovered. This stimulated
the study of the structure - function relations in this class of lipids
and led to the synthesis of a large group of compounds having the
general formula 33.

CH2—XR1

R2—C—R3

CH2—Z—Y+ Q-

33

, (CH2)i0NHCONHMe,
X = O, S, OCONH or SCONH;
R1 = alkyl(C8-C2o), (CH2)3OCi

CH 2 -C 6 P 4 -Ph ,e t c ;
R2 = OMe, OEt, OCOMe, OCOC7H,5, OCH2COMe, CH2CN,

NHCOOMe, OCOOMe, NHCONHMe, or heterocycles of the
pyrrole, triazole, etc. type;

R3 = H or Me;
Z = O(CH2)n, (OCH2CH2)n, OCO(CH2)n, (CH2)n, CH2SO2(CH2)n,

NHCO(CH2)n, NHSO2(CH2)n, N(COMe)SO2(CH2)n,
or OCONR(CH2)n

(R = H, Me, COMe, COEt, or COOMe; n = 1 -6);
Y = NMe3, NMe2CH2CH2OH, various heterocycles in which a

quaternary nitrogen atom is incorporated, etc.;
Q = Hal, MsO, TsO, etc.

Compounds of the alkylacyl type are synthesised in accor-
dance with the general strategy developed for the preparation of
dialkyl lipids with various substituents in the glycerol skeleton
using the same selective protecting groups (Bzl, Tr, Ts, benzyli-
dene) and alkylation, acylation, and thioalkylation methods.

The syntheses of compounds containing alkylcarbamoyl and
alkoxycarbonylamino-groups have specific features. They usually
involve the preparation of the corresponding disubstituted
glycerol derivatives with subsequent introduction of the cationic
head by traditional methods.

XR1

R3NCO
i—XR1

V- OCONHR3

I— OR2I—OR2

35

R2 = protecting group; R3 = alkyl(Ci-C3).

Scheme 7

EXR1

OCONHR3

OH

34

The overall strategy for the synthesis of the initial compounds
34 in the preparation of cationic lipids with an alkylcarbamoyl
residue at the C(2) atom may be represented by Scheme 7.25

The alkylcarbamoyl group was introduced by the interaction
of compound 35 with alkyl isocyanate in the presence of an acid
catalyst (AlCb) and a base (pyridine, triethylamine).

Compounds 36, containing alkylcarbamoyloxy- and alkoxy-
carbonylamino-groups at the C(l) and C(2) atoms respectively,
are synthesised in the following manner:25

CH2— OH

CH—NHR1

COOMe

R2N=C=O
-fc-

CH2—OCONHR
2

CH—NHR1

COOMe

CH2 —OCONHR2 C1COOR3 or
I (R3O)2CO

CH—NH2

CH2OH

CH2—OCONHR
2

CH—NHCOOR3

CH2OH
3636

R1 = protecting group; R2 = alkyl(Ci2-C20); R3 = alkyl(Ci-C4).

Compound 37, incorporating an alkylthio- and an alkoxycar-
bonylamino-group at the C(l) and C(2) atoms respectively, was
synthesised from the phenyloxazoline derivative 38 in accordance
with Scheme 8.25

Scheme 8
CH2—Hal

AcSK

H2C—O'
/ C H -

38

CH2—SAc

CH—f x>

CH2—SR1

CH

CH2—SR1

CH—NH2

CH 2 —OH

l.OH-
2. R'Hal

C1COOR2
CH2—SR1

CH—NHCOOR2

CH2—OH

37
R2 = Alk(Ci-C4).

The synthesis of the cationic lipids 39 and 40 with alkanoyl-
methyl and cyanomethyl substituents at the C(2) atom of the
glycerol fragment has been described in detail.20"2229

XR1

- NR2SO2(CH2)nY4

39

1—XR1

^ C H 2

•—NR2SO2(CH2)nY+ Q-

40

R2 = H, Me, COMe, COEt, or COOMe; n = 1 - 6 ;
Y = NMe3, NMe2CH2CH2OH, various heterocycles in which

a quaternary nitrogen atom is incorporated, etc.;
Q = Hal, MsO, TsO, etc.

The general approach to the synthesis of lipids 41 having the
l-alkyl-2-carbamoyl structure and containing a cationic head
attached via a spacer group of the acyl type is presented in
Scheme 9.22> 30 The cationic head with a spacer of the acyl type
may be obtained via the acylation of the dialkylglyceride of a
dimethylaminoalkanoic acid of a suitable type followed by the
quaternisation of the dimethylamino-group with methyl
iodide.31-32

CH2—OCONHR2

CH—NH2

COOMe

LiAlH4
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41

The positively charged lipids 42 — PAF antagonists with a
carbamoyl structure — have been obtained by the following
method.29
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UoBzl
I—OH
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OCONH(CH2)nNMe2
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2. Mel
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I—OCONH(CH2)«NMe3 I "

42

f. Positively charged alkyl ether lipids with a sulfonium cationie head
The type 43 lipids are of interest for the study of the mechanism of
the inhibition of the membrane-bound protein kinase C (PKC),
the growth of neoplastic cells, and the replication of the HIV-1
virus.6-23 They are synthesised in accordance with Scheme 10.

Scheme 10
r—OR1

UoR2

I—Hal

HS(CH2)2OH MeQ

(CH2)2OH Q-

43

rOR1

OR2

HO(CH2)2NMe2

•—OCH2O(CH2)2N+Me3 Br~

44

1—OR1

— UoR2

1—OCH2N+Me2(CH2)2OH Br"

45

R1 = C18H37; R2 = Me, Et; R1 = R2 = C16H33 •

(Scheme 11) or secondary hydroxy-group (Scheme 12) of disub-
stituted glycerols 44-46. Subsequent conversion of these highly
reactive groups (asymmetric O,5-acetals) into a-bromoethers,
capable of interacting readily with nucleophiles, leads to pro-
spects for the synthesis of various modified lipids, including
positively charged ones.

OH

OTs

-OC18H37

-OH

Scheme 12
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—N y TsO-
* • ' • • ' " /
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-OCH2Br

1—M V Br-

HO(CH2)2OMe

OC18H37

OCH2O(CH2)2OMe

-N y Br-

46

R1 = C16H33, C,8H37; R2 = Me, Et; Q = I, TsO.

g. Positively charged lipids synthesised by the alkylthioalkylation
reaction
Konstantinova et al.33 were the first to demonstrate in lipid
chemistry the possibility of using a modified Pummerer's rear-
rangement (the alkylthioalkylation reaction)34 in the chemistry of
lipids by introducing the MeSChh group at a primary

III. Applications of positively charged lipids
1. Cationie lipids in liposomology
Positively charged lipids form liposomes in an aqueous medium or
in a buffer solution either individually or in a mixture with other
natural phospholipids. For example, an active preparation,
known as lipofectin, includes the cationie lipid DOTMA+ 47 and

t Ar-[l-(2,3-dioleyloxy)propyl]-Ar,Af,Ar-triethylammonium salt.
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PE; in molar proportions ranging from 1:1 to 3:7 depending on
the type of cultures of the cells used in transfection.n>12> 14-35

i—O(CH2)8CH=CH(CH2)7Me

Uo(CH2)8CH=CH(CH2)7Me

L- N+Me3 Cl-

47

Cationic liposomes are obtained similarly from the quaternary
ammonium derivatives 1-4 (DEBDA, DTAB, TTAB, and
CTAB), which exert a stabilising effect on the bilayers formed by
p E i,36,37 D T A B stabilises the bilayers more effectively than the
TTAB and CTAB analogues, the amount of which required to
achieve a similar effect is twice as great.

The mechanism of the interaction of cationic liposomes with
liposomes incorporating negatively charged or zwitterionic phos-
pholipids has been widely investigated in recent years.36"39 The
elucidation of the details of this process may explain the inter-
action of the positively charged liposomes with the cell membrane
during the transfection process. It has been shown that the
populations of such liposomes may interact with one another in
various ways which depend on the lipid composition of the
membrane surface and on the ionic strength of the medium.

It has been established that liposomes containing DOTMA
and PE interact with the negatively charged membrane lipids and
fuse with the cell surface. Different anions can also induce the
fusion of cationic liposomes. Thus, for the DOTMA/PE (1:1)
liposomes, the influence of the anions on the degree of fusion
decreases in the sequence citrate > ethylenediaminetetraacet-
ate > phosphate. It is of interest that these liposomes were
entirely resistant to fusion in the presence of polyanions. Lipo-
somes of the DOTMA/PE and DOTMA/PC types may fuse at a
high citrate concentration. The negatively charged phosphatidyl-
serine (PS) exerts a similar effect even in the absence of poly-
anions. The interaction of the negatively charged groups in PS
with the quaternary ammonium group of DOTMA or DOTAP 31
is apparently sufficient for the fusion of the membranes containing
these lipids, while the zwitterionic phospholipid component of
these membranes is an additional and decisive factor for mem-
brane conductivity.15

It is essential to note that the fusion of liposomes in the
presence of anions is influenced significantly by the size of the
liposomes. For example, liposomes 300 nm in diameter, the
composition of which includes didodecylammonium bromide,
fuse in the presence of dipicolinic or toluene-p-sulfonic acid. On
the other hand, if the diameter of the liposomes is < 200 nm, no
fusion occurs and only aggregation is observed.15

Fusion results in the formation of a complex between the
liposomes and the anion, which is preceded by the dehydration of
the surface of the liposome. Studies are planned in the future on
the quantitative determination of the binding capacities of a wide
variety of anions in relation to cationic lipids in liposomes and on
the determination of the possible dehydration of liposomes in the
presence of anions.28

It has been shown that the DOTMA/PC/PE mixed liposomes
are entirely resistant to fusion in the presence of polyanions.
However, when they were mixed with liposomes containing
negative charges on the surface, aggregates were formed readily
at the physiological or lower ionic strength. The PC/PE ratio in
liposomes has a considerable influence on the degree of aggrega-
tion even under the conditions where it is not followed by
coalescence (i.e. the mixing of the lipids of the bilayer and/or
aqueous compositions). The degree of aggregation is higher the
greater the PC/PE ratio. These observations may be useful for the
study of the interaction between liposomes having different lipid
compositions and also for providing investigators with systems in
which the interaction between liposomes is independent of the
bond between ions and the lipid surface. The tendency of
liposomes to become associated with one another can be readily
controlled by varying the ionic composition of the medium.15'28

The mechanism of the interaction of the DOTMA/PE vesicles
with the plasma membranes of cultured cells has not been
elucidated. It may be that the binding of DOTMA to the
negatively charged sialic acid in gangliosides leads to the destabi-
lisation of the plasma membrane and the coalescence of the
liposomes with cells. It is essential to note that cationic liposomes
containing cationic amphiphiles with ether and ester bonds
interact equally readily with the cell membrane. Furthermore,
liposomes containing fluorescent labels are readily disrupted after
being incorporated in CV-1 cells.28-40 One of the most interesting
properties of positively charged liposomes with a high PE content
is their ability to interact with membranes containing surface
proteins. Liposomes formed from DOTMA/PE are readily
adsorbed on erythrocytes in a medium with the physiological
ionic strength.28

A fairly important property of the lipofectin preparation is its
toxicity for cells in vitro following an increase in the concentration
of the cationic lipid above a certain level. The toxicity of the
preparations is different for different types of cells and depends on
the duration of exposure and the density of the cell culture. It is
therefore necessary to optimise the transfection parameters for
each cell line.

The quaternary ammonium derivatives 1-4 are even more
toxic to the transfected cells. Therefore, out of all the above
compounds, the least toxic CTAB is most often employed. It is a
cheaper and readily available substitute for DOTMA and
DOTAP. Similar observations have been made also for another
cationic lipid, namely DEBDA, which is used in studies on plant
protoplasts.1

2. Positively charged lipids as transfection mediators
One of the most interesting fields of medicine—genetic therapy —
has been rapidly developing recently. It is essential for the
correction of genetic cell defects and for the treatment of genetic
diseases. In order to correct genetic defects, normal exogenic genes
are introduced into the target cell, where they or the products of
their vital activity act together with the defective molecules or
replace the latter and hence assist the cell in its normal function-
ing.

One of the main tasks in genetic therapy is the search for
methods which are suitable for the specific and effective introduc-
tion of genetic material. It has been shown that under exceptional
conditions eukaryotic cells may receive DNA molecules, a
proportion of which are localised in the nucleus. However,
owing to its large size and charge, the spontaneous permeation
of DNA into the cell and its subsequent expression into the
nucleus (transfection) are difficult. For this reason, various
methods facilitating this process, i.e. inducing cell fusion under
specially selected conditions, or mediators of DNA gene transfec-
tion have been used. Employment of calcium phosphate, lipo-
somes, retrovirus vectors, electroporation, and microinjection
may be included among the effective methods for the transfection
of genetic material. In certain cases, the application of polycations
such as polylysine, DEAE-dextran, and polyornithine yields
satisfactory results. However, all these methods are characterised
by a low effectiveness, an unstable introduction of genes, and a
poor reproducibility. Furthermore, the compounds employed in
this procedure are frequently toxic to the target cells.1 '•12

The most modern DNA-transfection methods employ pos-
itively charged liposomes as mediators. The use of liposomes
capable of transferring genetic material into cells via fusion with
the cell membrane is of special interest. Cationic lipids with
various structures (compounds 1-4, 11-17, and 47) form
together with PE and PC positively charged liposomes which
spontaneously produce complexes with polynucleotides. These
complexes are adsorbed by the cell surface, fuse with the plasma
membrane, and transfer the genetic material to the cytoplasm.
Further study of the positively charged liposomes can therefore
lead to the creation of convenient and effective systems for the
introduction of various biologically active substances into the cell:
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nucleosides oligo- and poly-nucleotides, hormones, proteins, and
other natural and synthetic macromolecules with a negatively
charged section.14

The current break-through in transfection arose from the
preparation lipofectin. It is convenient to use and is effec-
t i v e n-14,41,42 T h e D N A _ iipOfectin (DOTMA/PE) complex
has a network of positive charges, which facilitate its interaction
with the negative charges of glycolipids and glycoproteins on the
surface of the cell membrane. ' '

The quaternary ammonium derivatives 1-4 are also some-
times used for DNA transfection. Although the transfecting
activity of liposomes containing these compounds is somewhat
lower than the activity of lipofectin, nevertheless they can be used
as cheap readily available substitutes.113-15-4°.43

Apart from DNA transfection, lipofectin is used for the
effective introduction of RNA into cells of animal origin and
also into the protoplasts of a number of plants. By employing this
method, it is possible to introduce up to 70% of RNA.2 The
RNA - lipofectin complexes are used to investigate the stability of
mRNA when they are introduced into cell tissues and embryos.
This may lead to the development of a technology in which RNA
is used as a medicinal preparation.13

Lipofectin is a simple and convenient preparation whereby
one can obtain various specific tissue cells or cell lines infected by
whole viruses or only by virus vectors in the absence of homol-
ogous virus receptors.42

Communications concerning the possibility of the transfec-
tion of the vector for the expression of cDNA luciferase into the
brain cells of the Xenopus and mouse embryos, which permits the
lipofection (transfection with the aid of lipofectin) of various
functional genes into the cells of the central nervous systems of
embryos, have appeared recently.42-44

The bolaamphiphiles 5 and 6 are also used as ideal amphi-
philes for polyanions. The positively charged end of the bolaam-
phiphile molecule may bind a negatively charged polyanion in
aqueous solutions even if it is only sparingly soluble in the latter.
However, since these compounds do not possess aliphatic chains
arranged in parallel, they are unable to form a stable bilayer. They
are therefore more frequently used as models for the investigation
of the interaction of liposomes and cell membranes with polyelec-
trolytes.4

Cationic liposomes, prepared by the sonication of aqueous
dispersions of lipids or by employing solubilising detergents, are
used to incorporate horseradish peroxidase into human erythro-
cytes in vitro. The stability of the modified erythrocytes has been
investigated from the standpoint of photohemolysis.35

Behr et al.10 developed a highly effective transfection method
based on the ionic binding of plasmids to the lipopolyamines 14
and 15. This procedure has been used for the transfection of
lipopolyamines into the endocrine cells of the intermediate lobe of
the pituitary gland. Such transfection did not entail changes in the
membrane-dependent receptors and did not affect the physiolog-
ical regulation of the biosynthesis of hormones. The cationic
lipopolyamines 14 and 15 do not exert a toxic activity on cells
and may be used for the transfection of chromaffine cells and the
neurones of the central nervous system. It is of interest that the
method does not affect the normal cell growth or the electro-
chemical characteristics of the peripheral neurones. The introduc-
tion of DNA into the epidermal human keratinocytes has also
been achieved with the aid of lipopolyamines.45

The so called lipopolylysines 13 are some of the most effective
mediators of DNA transfection.9 Poly-L-lysine is used as the
starting material for the synthesis of this preparation because of
its biodegradability on entering the cell, in contrast to poly-D-
lysine. This preparation is used in the individual state, since its
liposomal form (with PC or PE) exhibits only 50% of the activity
of the individual form in DNA transfection. Lipopolylysine
preparations are at present some of the most active and relatively
cheap mediators of the DNA transfection of type L929 mouse cells
and human HeLa cells as well as the monkey Vero cells.

The data presented indicate the possibility of using lipofection
under in vivo conditions. The method using DOTMA, or its
analogues belonging to the series of dioleylalkyl derivatives
containing a hydroxyalkyl chain in the quaternary ammonium
head, as the cationic lipid has been recognised nowadays as
optimal. These compounds enter into the composition of lipo-
somes in a mixture with dioleoylphosphatidylethanolamine
(50 mol %) . 4 6 " 4 8

An aerosol method for the introduction of plasmids for the
expression of chloroamphenicol acetyltransferase, which makes it
possible to achieve a high lung-specific level of its production in
the mouse organism in vivo, has been developed recently.49

Promising results have been obtained in the lipofection of
plasmids, coding the synthesis of the human growth hormone, via
the introduction of the preparation intravenously into the mouse
organism.50

It has been shown that the direct intravenous introduction of
DNA-cationic liposome complexes into the organisms of adult
animals transfects effectively all types of tissues (the endothelial
tissues of blood vessels and the parenchymal cells of the lungs,
spleen, lymph nodes, and bone marrow). The expression of the
genes introduced remained at a stable level for 9 weeks after
transfection. At the present time, these results are being consid-
ered from the standpoint of the study of ageing processes at a
molecular level.51

Furthermore, the study of organ tissues and analysis of the
cardiac functions of mice and pigs after lipofection in vivo has not
revealed any pathologies following the employment of deliber-
ately excess doses of the DNA-liposome complex.52

It is essential to note that the transfection method, employing
cationic liposomes as mediators, may prove promising in the
enzyme- and hormone-substitution therapy of a wide variety of
diseases such as sugar diabetes, growth defects, and various blood
affections (P-thalassemia, adenosine deaminase deficiency, sickle
cell anaemia, etc.).14-49-50-53

3. The use of cationic lipids as inhibitors of the membrane-
bound protein kinase C and diacylglycerol kinase
In connection with the study of the influence of lipids of the type of
1 -O-octadecyl-2-0-methyl-rac-glycero-3-phosphocholine (ET-
18-OMe) on metastases and the growth of a wide variety of
neoplastic cell lines, the new quaternary ammonium derivatives
of glycerolipids 20 are of great interest. These compounds proved
to be effective inhibitors of the membrane-bound protein kinase C
(PKC), which regulates the content of phospholipids and Ca2 +

ions in the cell. The study of the mechanism of the action of this
kinase, activated by phosphatidylserine, phorbol esters, and
diacylglycerols, has shown that exogenic alkylacylglycerols and
dialkyl derivatives are capable of inhibiting this kinase, which is
present in HL-60 cells. A similar activity of compounds of types 23
and 32 has been observed in relation to diacylglycerol kinase
(DAG).7 In order to investigate the molecular interaction of these
enzymes with their natural activators, inhibitors, and substrates, a
series of dialkyl and diacyl quaternary ammonium derivatives
with various structures have been synthesised (compounds 10, 21,
23, 32, etc.)

The study of the activity of PKC in the presence of the above
compounds using /•ac-l,2-dioleoylglycerol-PS-Ca2+ mixtures
as activators showed that the manifestation of inhibiting activities
requires the presence in its composition of a relatively long-chain
alkyl or acyl substituent at the C(l) atom of the glycerol fragment,
a short-chain alkyl or acyl substituent at the C(2) atom, and also a
functional group capable of forming hydrogen bonds at the C(3)
atom. A similar conclusion was reached in relation to DAG when
rac-1,2-dioleoylglycerol was used as the substrate in the investiga-
tions.

Compounds 32a,b proved to be the most active under the
experimental conditions, whereas the diol type lipid 10 proved to
be inactive in this instance.
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During tests of 2-O-acetyl-l-O-oleoylglycerol as one of the
activators, a study was made of the ability of compounds of types
21, 23, and 26 to inhibit PKC (obtained from the bovine brain),
which made it possible to discover the influence of the structure of
these compounds on the inhibition process. Table 1 presents the
concentrations corresponding to 50% inhibition of PKC by
compounds having different structures.16'54

The data presented permit the following conclusions:
(a) the replacement of an oxygen atom by a sulfur atom does not
alter significantly the activity (cf. compounds 23a and 231);
(b) the long alkyl chain at the C(l) atom of glycerol plays a decisive
role in the manifestation of activity (compound 23e is inactive);
(c) significant differences between the activities of compounds
containing methoxy- and ethoxy-groups at the C(2) atom of
the glycerol fragment have not been observed (compounds 23a
and 23b);
(d)the activities are influenced by a change in the length of
the chain of the JV,iV-dimethylalkylammonium alcohol; thus
the propanol derivative 23g exhibits a higher activity than
compound 23a;
(e) the replacement of the 'inverse' choline group by a trialkylam-
monium group improves the inhibition of the enzyme (a free
hydroxy-group alters the activity insignificantly);
(f)the replacement of the quaternary ammonium group by a
hydroxy-group does not influence the inhibition of PKC but
fully abolishes the cytotoxicity of these analogues in relation to
tumour cells;
(g)the migration of the quaternary nitrogen atom from the
glycerol skeleton to the end of the alkyl chain made up of several
methylene groups has only a slight influence on the PKC activity
(compounds 26a-c and 23h).

In conclusion, one must note that the restriction of the
mobility of the glycerol on incorporation of R1 and R2 into a
structure of the acetal type does not diminish the activity.
Furthermore, the stereospecificity of the compounds synthesised
is not a decisive factor in the inhibition of PKC.16 Preliminary
experiments designed to elucidate the mechanism of the inhibition
of PKC showed that the compounds quoted block its activation
by phosphatidylserine.

Studies which will help to discover for these compounds a
correlation between the antineoplastic activity and the ability to
inhibit PKC are being prosecuted at the present time.

Table 1. The concentrations corresponding to 50% inhibition (ICso/
umol litre-1) of PKC.16-54

r— <X ^R1

l—N+Me2R3 Q~

21

r—XR1

UoR2

I—Z-N+Me2R3 Q"

23,26

Compound

ET-18-OMe

21

23a

23b

23c

23d

23e

23f

23g

23h

23i

26a c

26b d

26c c

26dd

" Z = OPO3-

d Z = O(CH

X

a O

-

S

s
s
s
0

0

s
0

0

0

0

0

0

(CH2)2 ,b

2 k e Z =

R1

C18H37

C17H35

C16H33

Ci6H 3 3

C16H33

Ci6H3 3

Naphthb

C16H33

C, 8 H 3 7

C16H33

Ci6H3 3

C16H33

C16H33

C16H33

C16H33

Naphth =

O(CH2)6.

R2

Me

H

Me

Et

Et

Me

Me

Me

Me

Me

H (instead
of OR2)

Me

Me

Me

Et

R3

Me

(CH2)3OH

(CH2)2OH

(CH2)2OH

(CH2)3OH

Me

(CH2)2OH

(CH2)2OH

(CH2)3OH

Me

Me

Me

Me

Me

Me

Q

-

Br

Br

Br

Br

Me

Br

I

I

Br

Br

Br

Br

Br

Br

J,<=Z = O(CH 2 ) 2 ,

ICso

12

13

27

37

26

25

» 4 0

17

5

>40

» 4 0

31

>40

» 0

>40

4. The antitumour activity of positively charged lipids
It is widely known that positively charged alkyl ether lipids
influence the metabolism and growth of neoplastic cell lines.
The compound ET-18-OMe and its phosphorus-free analogues

Table 2. Concentrations of lipids with a cationic head in the form of'reversed' choline corresponding to 50% inhibition of the growth of neoplastic cells.

1—XR1

UoR2

l—N + Me2(CH2),,OH Q "

23,48

Compound

ET-18-OMe

23a

23b

23c

23g

23e

23j

23k

48

X

O

S

S

s
s
s
s
s
s

R1

C18H37

C 1 6 H 3 3

C 1 6 H 3 3

C16H33

C,8H37

Napht

C18H37

C16H33

C16H33

R2

Me

Me

Et

Et

Me

Me

H

C 6 H n

CH2OMe
(instead of OR2)

n

-

2

2

3

3

2

2

2

3

Q

-

Br

Br

Br

Br

Br

I

Br

Br

IC50/
Hmol litre"1

2.50±0.31

4.66 ±0.27

3.72 ±0.05

2.95 ±0.36

3.55 ±0.22

>10

0.35 ±0.05

7.15

3.46

Type of
cell

HL-60

HL-60

HL-60

HL-60

HL-60

HL-60

KB

HL-60

HL-60

Ref.

6

54

54

54

54

54

5

6

6
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accumulate on the surface of the plasma membrane, inhibiting
PKC and certain other kinases, which may be associated with the
antineoplastic activity which they exhibit in vitro (HL-60 and KB
cells) and in vivo (S-180 and MM46 cells).20 In addition, alkyl
ether Iipids may accumulate selectively in tumour cells by virtue of
the low activity in the latter of the enzymes which cleave ether
bonds.28-55 This disturbs the normal biosynthesis of the Iipids of
the cell membrane and the functions and integrity of the latter.

A series of cationic Iipids with an antineoplastic activity have
been synthesised. They can be subdivided arbitrarily into five
main series:

(1) Lipids with a cationic head in the form of'inverse' choline
(Table 2).

(2) Cationic lipids of the acetal type (Table 3 ).
(3) Lipids with an ammonium group attached directly to the

glycerol fragment (Table 4).
(4) Lipids with a cationic head attached to the glycerol

skeleton via a spacer group (Table 5).
(5) Derivatives of cationic lipids of the diol type (Table 6).
All the compounds were investigated from the standpoint of

their antineoplastic activity in relation to cells of different types
(Tables 2-6). Comparison of the results of experiments per-
formed under similar conditions permits a series of conclusions.

The 'inverse' cholines of the first series have largely proved less
active than the compounds of the third and fourth series, the
activities of which are comparable with that of the ET-18-OMe
reference standard. The presence of the hydroxy-group in the

Table 3. Concentrations of cationic lipids of the acetal type corresponding
to 50% inhibition of the growth of neoplastic cells.54

O^ J*1

Uo^-
I—7—NH

Z-N+Me2R3 Br-

21

Com-
pound

R1 R2 R3 ICso/ Type of
litre"1 cells

21a
21b
21ca

a Z =

C17H35

Me
C17H35

O(CH2)4.

H
Me
Me

(CH2)3OH
(CH2)2OH
Me

6.47 ±0.24
>10
2.82 ±0.42

HL-60
HL-60
HL-60

cationic head reduces the activity somewhat. The influence of the
heteroatom (S or O) at the C(l) atom of glycerol has not been
accurately elucidated.54

A decrease in the length of the alkyl substituent at the C(l)
atom of glycerol or its replacement by an aromatic system lowers
the activity of the compound in relation to the HL-60 cells. Thus
compound 23e (Table 2) shows no activity within the limits of the
measured concentrations.

Table 4. Concentrations of lipids with an ammonium group attached directly to the glycerol fragment corresponding to 50% inhibition of the growth of
neoplastic HL-60 cells.

E
•XR'

OR2

Y+ Q-

23,43

Compound R' R2
IC50/
umol litre"1
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23fa

23i

O

O

C16H33

C,6H33

Me

H (instead
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NMe3
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23m
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O

O

o
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C16H33

C,8H37

Et

Et

23n
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O

O

O

C16H33

C 8 H 1 7

C16H33
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Me

Et

NEt3

—N
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NMe3

—N
Me

Br

Br

Br

Br

Br

Br

Br

1.59±0.17

1.61 ±0.10

0.68 ±0.11

1.01 ±0.06

0.82 ±0.24

21.15 ±5.40

1.07 ±0.30

54

54

54
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54

6

6

Br 2.92

23d

23r

23s

23t

43

S

S

s

s
o

C16H33

CI6H33

C,6H33

C16H33

C16H33

Me

Me

Me

C5H,,

Me

NMe3

NMe2CH2CH(OH)CH2OH

~CJ
NMe3

SMe(CH2)2OH

Br

Br

Br

Br

TsO

2.20 ±0.30

3.62 ±0.04

8.75

6.14

2.49 ±0.29

43

6

6

6

6
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Table 5. Concentrations of lipids with a cationic head attached to glycerol via a spacer group corresponding to 50% inhibition of the growth of neoplastic
cells.

r—OR'

UoR2

I—Z-Y+ Q"

26, 27,29,49

Compound

ET-18-OMe

26a

26b

26e

26d

26f
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29a

29b
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29e
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2H
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49b
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C16H33

C16H33

C16H33

C16H33

C16H33

C16H33
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C18H37
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Me

Me

Me

Et

Et

H (instead
of OR2)

Me

Me

Me

C4H9

O
COCH2Ac

CH2CF3

N-=\-O
Me

Me

Me

Z

O(CH2)2

O(CH2)2

O(CH2)2

O(CH2)2

O(CH2)4

O(CH2)4

O(CH2)4

O(CH2)2

(OCH2CH2)2

(OCH2CH2)5

(OCH2CH2)2

(OCH2CH2)2

(OCH2CH2)2

(OCH2CH2)2

(OCH2CH2)2

S(CH2)2

SO2(CH2)3

SO2(CH2)6

Y

NMe3

NMe3

NMe3

NMe3

NMe3

O
NMe3

NMe3

NMe3

NMe3

NMe3

NMe3

NMe3

NMe3

— l N T ^ N M ew
NMe3

NMe3

NMe3

Q

Br

Br

Br

Br

Br

Br

Br

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Br

MsO

MsO

IC50/
Hg m l - '

2.5±0.31 a

0.63

1.85±0.15a

2.30 ±0.37

3.79 ± 0.13 a

1.86 ±0.04
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5.0

Type of
cell

HL-60
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Ref.

6,54
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54

54

54

54
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20

20,24

20,24,
58
20,24,
58

20,24

20,24

24,58

6

56

56

The restriction of rotational mobility in the presence of the
acetal system at the C(l) and C(2) atoms of the glycerol fragment
diminishes the antineoplastic activity of the compounds. The
presence of methoxy- or ethoxy-groups at the C(2) atom does
not affect the activity. However, the presence of an alkyl
substituent with a long chain containing more than five carbon
atoms reduces the activity of the compound sharply. The replace-
ment of the methoxy- and ethoxy-groups by heterocyclic bases of
the pyrimidine or pyridazine type induces a slight decrease in the
antineoplastic activity.24

Among the compounds of the fourth group, the inhibition of
the growth of neoplastic cells diminishes slightly with increase in
the length of the spacer group but remains similar to the inhibiting
activity of ET-18-OMe.

The presence of a quaternary ammonium or a tertiary
sulfonium group is essential for the manifestation of activity, the
sulfonium and pyridinium derivatives being the most active.6

The degree of oligomerisation of the ethyleneoxy-group in
compounds with the structure 29 does not play a decisive role for
the activation in vitro (Table 5).20 A similar conclusion can be
reached also as regards compounds 49a and 49b with different
numbers of methylene groups separating the sulfo-group from the
cationic head.56

It is of interest that compound 29, containing the acetoacetyl
group at the C(2) atom of the glycerol fragment, proved to be
fairly active against the S-180 and MM46 cells in studies carried
out in vivo in contrast to in vitro investigations.20
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Table 6. Concentrations of a series of derivatives of cationic lipids of the diol type corresponding to 50% inhibition of the growth of neoplastic cells.
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numbers of methylene groups separating the sulfo-group from the
cationic head.56

It is of interest that compound 29, containing the acetoacetyl
group at the C(2) atom of the glycerol fragment, proved to be
fairly active against the S-180 and MM46 cells in studies carried
out in vivo in contrast to in vitro investigations.20

Some of the analogues synthesised have been tested in other
systems. Thus for cells of the ChaGo and K562-4 lines, the
inhibition was similar to that of the cell line 77. The inhibition of
the P388 cells in mouse leukemia is comparable to the activity
against the KB cells. The cells of the MHC rat hepatoma, obtained
from the Morris 7795 hepatoma, were inhibited 2 - 3 times less
effectively than the cells of the 77 line.5

There are data57 demonstrating that increased concentration
of cholesterol in the cell membrane plays a fairly important role in
reducing the toxicity of the alkyl ether lipids (AL) to the HL-60
cells.

5. The antiviral activity of positively charged lipids
Synthetic lipids of the alkyl type exhibit a broad spectrum of
biological activity, including the inhibition of replication of the
HIV-1 virus. The exact mechanism of their action is not entirely
clear. The HIV infection is a multistage process, which begins with
the binding of the HIV to the CD4 receptors of the lymphocytes.
After binding, the HIV permeates into the cell either via the direct
fusion of the viral coating with the plasma membrane or by virtue
of the receptor-dependent endocytosis of the CD4-HIV com-
plex.6-59 There are data demonstrating that the blocking of the
HIV-dependent phosphorylation of the CD4 receptors by the
introduction of a selective PKC inhibitor inhibits effectively the
infection of the cell by the virus.

A new class of alkyl ether lipids — potential PKC inhibitors—
has been investigated recently as regards their anti-HIV-1 activity.
Monolayers or suspension cultures of human T-cells (CEM-ss)
were used in these investigations to determine the activity of the
structurally modified, phosphorus-free analogues of lipids of the
alkyl ether type. The concentration corresponding to 50% inhibi-
tion of the growth of the CEM-ss cells and the formation of HIV-1
plaques as well as the decrease in viral budding (the capture by the
virus of a portion of the cell membrane on permeation into the
cell) were investigated.17-60

The experiments established that treatment of the cells
infected by HIV-1 with compounds of this type is not accompa-
nied by an increase in the activity of the reverse transcriptase,
which implies different mechanisms of the action of 3'-azido-3'-
deoxythymidine (AZT) and cationic lipids.

Electron microscope studies have shown60 that there is no
viral budding on the surface of a cell membrane in cells infected by
HIV-1 and treated with positively charged lipids, but intracellular
vacuolar viral particles are present. These data suggests that alkyl
ether lipid analogues disturb the process involving the formation
of cytoplasmic vacuolar forms of HIV in T-cells. The binding of
HIV-1 to CD4 receptors of the T-lymphocytes induces their
phosphorylation by means of the phospholipid-Ca2+-dependent

I—N+Me2R
2 I -

8

R1 = C18H37: R2 = (CH2)2CH(OH)CH2OH (8f);
R1 = C,6H33: R2 = (CH2)2OH (8g), (CH2)3OH (8h);

PKC, whereupon cationic lipids, inhibiting the kinase, block the
intracellular processes involving the development and multiplica-
tion of viral particles. The formation of HIV-1 plaques is inhibited
via a concentration-dependent mechanism until the virus ceases to
act on the growth of human T-cells.

The activities of the following compounds against HIV-1 have
been investigated:
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SR1
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Et
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(CH2)2OH

(CH2)2OH
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CH2CH(OH)CH2OH
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3)

Br

Br

Br

I

Br
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-_

Analysis of the results (Table 7) shows that the formation of
HIV-1 plaques in the CEM-ss cells is inhibited within the limits of

Table 7. Concentrations corresponding to 50% inhibition of the forma-
tion of HIV-1 plaques and the growth of CEM-ss cells.17-60

Compound

AZT

ET-18-OMe

23a

23b

23d

23g

23i

23k

8f

8g

8h

50

IC50 for the
formation of
HIV plaques /
umol litre"1

0.004 ±0.001

0.92 ±0.39

0.37 ±0.02

0.63±0.18

0.39 ±0.24

0.41 ±0.29

0.49 ±0.23

0.21 ±0.01

0.20 ±0.05

0.38 ±0.29

0.24 ±0.06

>5.0

IC50 for the
growth of
CEM-ss cells /
umol litre"1

5.6 ±0.8

4.0 ±0.7

2.1 ±1.0

5.1 ±0.4

5.3±0.1

4.0 ±2.7

2.0 ±0.1

1.1

2.0 ±0.5

6.0 ±0.2

1.5 ±0.1

>20.0

D*

1400

4.3

5.7

8.1

13.4

9.8

4.1

5.2

14.5

15.6

6.1

_

a D is the differential selectivity defined as the ratio of the concentration
corresponding to the inhibition of the growth of the CEM-ss cells to the
concentration corresponding to the inhibition of the formation of HIV-1
plaques.

concentrations which are not toxic to the host cells. In order to
exhibit anti-HIV-1 activity, compounds of this type must possess
long-chain alkyl substituents at the C(l) atom, a short-chain
substituent at the C(2) atom, and a quaternary ammonium
group at the C(3) atom of glycerol.

The changes in the type of cationic head and in the size of the
substituents at the quaternary nitrogen atom do not influence
significantly the activity of the compounds.17-60 However, in its
absence the compound becomes inactive (for example, compound
50).

Unfortunately no data have been obtained which would make
it possible to infer the inhibition of the formation of plaques of the
type 2 herpes simplest virus (HSV-2) or the inactivation of the
intracellular virus, which evidently indicates the selectivity of
compounds of this type in their action against HIV-1. This
apparently occurs because they interact with the cytoplasmic

membrane (the HIV-1 budding site) and not with the nuclear
membrane (the herpes simplest budding site). In addition, the
herpes virus does not require PKC for infection and its multi-
plication is different from that of HIV-1 (Table 7).17

Studies designed to elucidate the mechanism of the action of
alkyl ether lipid analogues, inhibiting infection by HIV-1 and
inducing the formation of a defective form of the virus, are being
carried out at the present time. It has been shown that lipid
antagonists are not inhibitors of reverse transcriptase but disturb
the replication of the virus in the last stage. The choice of optimum
analogues may provide specialists with effective chemotherapeu-
tic preparations which can be used in the treatment of AIDS either
individually or in combination with DNA-interactive anti-HIV-
nucleosidic analogues.60

6. Cationic lipids — analogues and antagonists of the platelet
activating factor
Numerous specific and nonspecific analogues and antagonists
of the platelet activating factor (PAF) have been synthesised
and investigated during the last decade. Synthetic derivatives
permitting the solution of the problem of the relation between
structure and biological activity and the possible therapeutic
activity are of special interest.

The numerous PAF antagonists with a lipid structure can be
subdivided into the following types: natural phospholipid PAF
antagonists, their derivatives, and synthetic compounds. These
antagonists are in the main active inhibitors of the binding of PAF
to its receptors. Many of them are highly specific in their
biological activity with the exception of certain phospholipid
analogues, which do not exhibit any appreciable antagonistic
activity at high concentrations.26-61

Two methods for the investigation of PAF antagonists under
in vitro conditions are most widely used nowadays: inhibition of
the PAF-induced aggregation of rabbit, human, and guinea pig
platelets, as well as the inhibition of the specific binding of
pH] PAF to cells or isolated membranes.61 In the in vivo
experiments, usually carried out on mice or rabbits, the effect of
antagonists on the decrease in pressure, induced by PAF, and also
the prevention of the lethal effect of high PAF doses are
considered.47-62"67

One of the first phospholipid PAF antagonists, namely
CV-3988 (Table 8), was synthesised initially as a powerful
antifungal and cytotoxic agent.68 The next structural phos-
phorus-free analogue, CV-6209, proved to be approximately 80
times more active in experiments in vitro.26-61-63-69-70 A series of
antagonists were synthesised in this connection by substituting the
phosphocholine groups of PAF by quaternary ammonium groups
of different types, attached to the glycerol fragment via spacer
groups. In a general form, the structure of the PAF antagonists
can be represented as follows:

r—XR1R 2 + R 3
!—Z-Y+ Q"

The strength of the antagonists in relation to the PAF-induced
state depends on their structure and the experimental conditions.
For each series of cationic lipids, representatives of which are
listed in Table 8, the concentrations corresponding to the inhibi-
tion of the PAF-induced aggregation of platelets were obtained.
For the majority of them, experiments designed to investigate the
influence of the antagonists on the pathological states induced by
the introduction of PAF under in vivo conditions were formu-
lated.25- 35,61-64,71

The principal requirements which must be met by the structure
of the PAF antagonists are listed below:
(a) the long-chain substituent at the C( 1) atom attached to glycerol
via oxy-, thio-, carbamoyloxy-, and carbamoylthio-groups should
have an optimum content of 16-18 carbon atoms;
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Table 8. Concentrations corresponding to the 50% inhibition of the aggregation of blood platelets by PAF antagonists (for the experimental conditions
and the type of platelets, see the literature sources).

E
•XR1

R2

Z - Y + Q "

Compound X R1 R2
IC50/
umol litre"1

Ref.

CV-3988 OCONH

ONO-6240 O

C,8H37 OMe

Ci6H33 OEt O(CH2)7

\=J

Sw OMs

1.6

0.1

26

61,72,
73

CV-6209

Ro-18-8736

Ro-19-3704

Ru-45703

33a

42a

42b

42c

42d

51a

51b

51c

51d

51e

52a

52b

OCONH

OCONH

OCONH

O

O

O

O

OCONH

OCONH

OCONH

OCONH

OCONH

OCONH

OCONH

OCONH

OCONH

Cl8H37

C,8H37

C8H37

CisH37

CisH37

C1SH37

Ci8H37

C, 8 H 3 7

C 1 8 H 3 7

Ci8H37

Ci8H37

Ci8H37

Ci8H37

CisH37

C 1 8 H 3 7

C1SH37

OMe

NHCOOMe

OCOOMe

OEt

OCOMe

OCOMe

OCOMe

OMe

OMe

OMe

OMe

OMe

OMe

OMe

OMe

OMe

OCONAcCH2

OCO(CH2)3

O(CH2)4

COO(CH2)4

O(CH2)4

OCONAcCH2CH2

OCONH(CH2)2

OCONAc(CH2)3

OCONH(CH2)2Me

OCONAc(CH2)2

OCONAcCH2

OCONAcCH2

OCONAcCH2

OCONAcCH2

NHSO2(CH2)3

NHSO2(CH2)3

N—''
1

Me

NMe3

NMe3

NMej

NMe3

NMe3

-

N — "

Me

N — "

Et

N— '

Et

1
Et

Q

N—IJ

Me

NMe3

OMs

I

I

I

I

I

Br

I

-

Cl

Cl

Cl

Cl

I

Cl

I

0.2

0.63

0.1 + 1

8.0

>100

0.88

8.4

8.5

>30

0.2

0.075

0.084

0.091

0.41

48.1

1.89

35

74

74,75

22,76

77

35

35

35

35

35

61

61

61

61

25

25
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Table 8 (continued).

Compound X R> R2 Z Y

I D Konstantinova, G A Serebrennikova

Q IC50/ Ref.
nmol litre"1

52c

52d

53a

53b

54a

54b

54c

54d

OCONH Ci8H37

C16H33

O Ci6H33

C18H37

(CH2):

OMe

OMe

O

O

O

OCONH (CH2)3OCONHCi8H37

OMe NHSO2(CH2)3

OMe NHSO2(CH2)3

H

H

-o
—OCO y—v

- C H 2 A ^

- C H ^

OCONAcCH2

OCONCH2

^ V-OMe

OCONCH2

4̂  V-OMe

OCONCH2

w

NMe3

-

I 5.20

3.64

OCONH CH2 COOC2H5

Br

Br

Cl

OMe

3.6

31

0.38

0.025

0.044

2.6

25

25

78

78

62,70

62,70

62,70

62,70

(b) the configuration of the chiral centre must be analogous to that
ofPAFCR);
(c) the character and bulk of the substituent at the C(2) atom of
glycerol must be analogous to those of acetyl;
(d)the replacement of the phosphate group at the C(3) atom by a
spacer group of any kind is essential;
(e) the cationic head must have an acceptable structure.

It follows from the data presented in Table 8 that the
replacement of the alkyl chain at the C(l) atom of glycerol by
aromatic or heterocyclic groups with substituents of different
lengths and structure did not lead to a sharp alteration of the
antagonistic activity (cf. CV-6209 and 54a).35-61-62

No appreciable differences between the in vitro activities of
the (RS)- and (/?)(—)- and (S)( + )-analogues have been observed
(cf. 51b - d). A similar situation has been noted for the compounds
SRI 63-072 and SRI 63-119.35-79

In the case where the spacer group Z is a carbamoyl derivative,
the introduction of an acyl substituent into this group increases
the blocking of the aggregation of platelets in vitro (cf. com-
pounds 42a and 42b).62-M-70 However, when amide bridges, linear
imide bonds, and alkyl and certain carbamoyl substituents are
used in the spacer group instead of the acyl substituent, the
activity decreases fairly appreciably. An increase in the size of
the spacer group as a whole induces a similar effect.62-70

It is preferable to use thiazolinium and pyridinium groups as
the cationic head. The presence of the ethyl substituent at the
quaternary nitrogen atom in the heterocycle has then the most

favourable effect on the antagonistic activity (compound
51b).35-61-70

PAF antagonists help nowadays to elucidate the possible role
of this natural bioregulator in various pathological changes in the
organism and also its interaction with other causative agents and
immunological mediators of these processes.80 Many investiga-
tors are actively engaged in the assessment of their clinical activity.
The data obtained suggest that it is possible to exert a definite
therapeutic effect on asthma, allergic diseases, shock syndromes,
the endointoxication of the organism, premature births, psoriasis,
and many allergic diseases of the eyes.

In conclusion, it is essential to note that the creation and
comprehensive investigation of new positively charged glycero-
lipids with the aim of discovering among them biologically active
substances with an extended spectrum of therapeutic activity is an
aspect of bioorganic chemistry and biotechnology of current
interest.
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Adamantane derivatives containing heterocyclic substituents in the
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Abstract Data on the synthesis, transformations, and applica-
tions of adamantane derivatives containing heterocyclic substitu-
ents in the bridgehead positions are surveyed, described
systematically, and analysed. The bibliography includes 202
references.

I. Introduction
Adamantane was discovered in 1933 in a study of petroleum
products.1>2 The adamantane molecule is a rigid structure consist-
ing of three fused six-membered carbon rings and having the
shape of almost an ideal sphere. The arrangement of carbon atoms
in the adamantane molecule is similar to that in the unit cell of the
crystal lattice of diamond. The spatial structure, hydrophobicity,
and lipophilicity of adamantane ensure favourable conditions for
its transport through biological membranes. The introduction of
an adamantyl radical into organic compounds changes and often
enhances their biological activities. The influence of the adaman-
tyl radical on the hypoglycemic, antitumour, immunodepressive,
antibacterial, fungistatic, hormonal, analgesic, antipyretic, anti-
inflammatory, cholagogic, antiarrhythmic, sedative, neuroplenic,
antimalarial, and anticholine-esterase activities as well as on the
central nervous system stimulating activity of the corresponding
medicinal preparations have been noted.3 Among various com-
pounds of the adamantane series, those containing heterocyclic
substituents in their molecules seem to be especially interesting
both from the theoretical and practical standpoints.

Despite the great interest of researchers in the chemistry of
adamantane derivatives containing heterocyclic substituents and
numerous examples of their practical use, no reviews surveying the
literature data on the synthesis, transformations, and practical
significance of heteryladamantanes have been published; only
separate examples of synthesis or biological activity of heteryl-
adamantanes have been reported.4"1' Among the monographs
devoted to adamantane,12"I4 only one paper13 contains a mention
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of heteryladamantanes, synthesised before 1975; however, this
study also contains virtually no data on the synthesis and proper-
ties of adamantane derivatives with heterocyclic substituents.

In our review we survey the published data on the synthesis
and properties of adamantane derivatives, the bridgehead posi-
tions of which contain heterocyclic radicals either linked directly
to the adamantane nucleus or separated from it by a chain of
carbon atoms. We consider adamantane derivatives with hetero-
cyclic residues the nucleus of which incorporate nitrogen, oxygen,
sulfur, nitrogen and oxygen, or nitrogen and sulfur atoms, as well
as residues of other heterocyclic systems.

n . Adamantane derivatives containing heterocyclic
nuclei with nitrogen atoms
1. Compounds with three-membered heterocycles
Several methods have been proposed for the synthesis of heter-
yladamantanes containing residues of three-membered nitrogen-
containing heterocycles. A series of A^-adamantoylaziridines 1
were prepared by the reaction of the acid chlorides 2 with aziridine
in the presence of triethylamine.15

R1

3 EtjN, Et2O

0 °C, 3 h, 20 °C, 0.5 h

R1

H
Me
Ph
OH
MeO

R2

H
H
H
H
H

R1

F

a
Br
I

R2

H
H
H
H

R1

Me
Me
EtO
4-CIC6H4

R2

Me
OH
Et
H

1 -(Adamant- l-yl)-2-alkylideneaziridines 3 are formed in a
yield of 50% (R = H) or 64% (R = Me) on treatment of the
unsaturated bromides 4 with sodium amide in liquid ammonia.16
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Br

R2C=C—CH2NHAd

A
C N

NaNH2,NH3(liq)
12-15 h *"

A
R2C=C—NAd

R = H, Me.

From here on, Ad is adamant-1-yl, C10H15.
Substituted aziridines 5 have been synthesised by the inter-

action of the vinyl chlorides 6 with 1-aminoadamantane 7.17

CH2=C—C(X)NMez + AdNH2

a 6 7

H2 ,O.

N CAd—N—CHC(X)NMe2

5

The derivatives of 1 -(adamant-1 -yl)aziridin-2-one 8 have been
obtained by cydocondensation of iV-(adamant-l-yl)amides of
a-bromocarboxylic acids 9 in 60% - 7 0 % yields.18"20

Br O
I II

RCH—CNHAd

Et3NorBu<OK,
Et2O or CH2CI2
0°C, 15-30 min RHC—NAd

R = Ad (see Ref.18), Bu' (see Ref.19,20).

The same method has been used to synthesise compounds 10
containing two aziridinone fragments (yields 60% and 64%).21

-NR

O

Bu'OK.EfaO
20°C,0.5h '

10

= Bu',Ad.

When chloramides 12 are used in this reaction instead of the
corresponding bromamides, the aziridinone derivatives 11 are
formed equally readily in 60%-70% yields.22"24

R1

Bu'OK.EtjO

NR4

11

R1

H
Me
H
Me
Me

Me

R2

H
Me
H
Me
Me

Me

R3

H
Me
H
Me
Me

Me

R4

Bu'
Bu'
Bu'
Bu'
cyclo-

Bu

Ref.

22
22
23
23
23

23

R1

H
Me
Me
Me
Me

Me

R2

H
Me
H
Me
Me

Me

R3

H
Me
H
H
Me

Me

R4

Bu'
Bu
Bu'
Bu'
Bu'

cyclo-
QiH,,

Ref.

24
24
24
24
24

24

The irradiation of 1-(adamant-l-yl)-4,4-dimethyltriazol-5-
one with light from a high-pressure mercury or mercury-xenon
lamp in toluene at 15 °C for 4.5 h under a nitrogen atmosphere
affords a mixture of products in which 1-(adamant-l-yl)-3,3-
dimethylaziridin-2-one was detected by spectral methods.25

Treatment of adamantoyl-containing aziridines (reduced pre-
liminarily with lithium tetrahydroaluminate)15 and adamantyl-
containing aziridmones23-24-26-27 with strong adds (H2SO4 or
MeSCbH) leads to aldehydes of the adamantane series in more
than 90% yields.

R2 = H: R1 = H, Me, Ph, OH, MeO, F, Cl, Br, 1,4-CIC6H4;

R1 = R2 = Me; R1 = Me, R2 = OH; R1 = EtO, R2 = Et.

R1

H
Me
Me
Me

R2

H
H
Me
Me

R5

H
H
Me
H

Ref.

24,26,27
24,26,27
24,26,27
24

The transformation of adamantyl-containing aziridinones
into aldehydes can also be carried out in the absence of adds, by
heating them at 140-150 °C.23

N—R 140-150 °C, 0.5-lh

O

N R Me

R = Bu, Bu', CsHn.

Treatment of the aziridinone derivatives 11 with HC1 in Et2O
gives the salts 13 (yields 95% -96%),23-24 whereas the reaction of
the compounds 11 with sodium hydroxide or potassium tert-
butoxide affords the amino adds 14 (yields 63% -94%).
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N—R4

HC1, Et2O

20 °C

NaOH, 90 °C, 1 h

orBuHDK.Bu'OH,
20-70 °C, 1-4 h

R2

NHR"

CHCOOH

14

Lithium terf-butoxide converts compounds 15 into the alco-
hols 16 in 75% - 8 5 % yields.28

0 R1

Bu-Li,pentaneN2| fiut(LCH=NR2

Ri_^_x
N_R2 25-30 °C, 4 h |

15 ° H 16

R1 = Ad, R2 = Bu1, Ad;

R1 = Bu', R2 = Ad.

The reaction of azomethines 17 with hydrohalic acids involves
the cleavage of the aziridine ring and yields salts 18.29

Ad

ArN=C—:

17

Ar = Ph, C6H4R; X = Q, Br, I.

Ad
HX I

*~ X(CH 2 ) 2NHC=NArHX

18

1 -(Adamant- l-yl)aziridine exhibits antiphlogistic activity and
stimulates the central nervous system.30 l-(Adamant-l-yl)-3-tert-
butylaziridin-2-one possesses antiviral activity.21

The successive treatment of 1-acetyladamantane imine with
ammonia and then with hydroxyaminesulfonic acid resulted in the
formation of 3-(adamant-1 -yl)diaziridine 19, which was converted
into 3-(adamant-l-yl)diazirme 20 by the action of chromic
anhydride in sulfuric acid. The compound 20 is thermally
unstable and is converted on heating into a mixture of vinylada-
mantane and the azine 21 in a ratio of 5.1 : 1.31

Me

AdC=NH

l .NH 3

2. H2NOSO3H
:NH

CrO3)H2SO4

110 °C

AdCH=CH2 + AdC=N—N=CAd

Me Me
21

The transformation of the diazirine 20 into vinyladamantane
and the azine 21 involves the intermediate formation of the
carbene AdC(Me). Diazirines of this type are of interest as

initiators of polymerisation or as reagents for introducing a tracer
into cell membrane lipids.31

2. Compounds with four-membered heterocycles
In the search for compounds exhibiting an antiarrhythmic
activity, the reaction of epichlorohydrin with the amine 7 has
been studied. Thus 1-(adamant-l-yl)azetidin-3-ol 22 was obtained
in a good yield.32

H2C—CHCHbCl + AdNH2 Ad OH

22

A method for the preparation of l-(adamant-l-yl)-3-methyl-
eneazetidin-2-one 23 has been developed.33 The method involves
cyclisation of the acid chloride 24 with the amine 7 under the
influence of potassium hydroxide under conditions of phase
transfer catalysis; the yield of compound 23 is 40%.

CH2Br

BrCH2CH—CC1

24 O

AdNH2

7

KOH,Bu4NBr ,CH2CI2

20 °C, 1.5 h '

N—Ad

23

The oxygen atom in the compound 23 can be substituted by
sulfur by the action of the Lawesson reagent; this reaction affords
l-(adamant-l-yl)-3-methyleneazetidme-2-thione in 46% yield.33

Ketenimine 25 enters into cycloaddition reactions with azo-
methines or with azobenzene; this results in the formation of the
azetidine derivatives 26 or diazetidine derivatives 27.34

Ph2C=C=NAd

25

RCH=NR»

PhN=NPh

Ph x

Ph—' NR1

26

Ph^
p h > j=NAd

PhN—NPh

27

3. Compounds with five-membered heterocycles
A number of methods have been reported for the introduction of a
pyrrolidine ring into adamantyl-containing compounds. For
example, in the reaction of the bromoketones 28 with pyrroli-
dine, the bromine atom is substituted by a pyrrolidine residue.35

O R
II I

AdC—CHBr + HN

R = H, Me.

AdC

O R

:—CHN I

The alcohol 29, which causes general depression of the central
nervous system, is obtained in 34% yield by refluxing ethyl
3-(adamant-l-yl)-3-hydroxy-3-phenylpropionate 30 in pyrroli-
dine in the presence of potassium terf-butoxide followed by the
reduction of the compound 31 thus formed.36
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Ph O

I II / 1
AdCCH2COEt + HN I

OH 30

>H
Bu-OK

refluxing, 72 h

Ph O
I II .

AdCCH2CN

OH

31

a Ph
LJA1H.,THF
20°C,20h

AdQCH&N

OH

29

0
The addition of adamant- 1-yl radical to the nitrogen atom of

pyrrolidone has been accomplished in two stages: initially,
pyrrolidone was refluxed with hexamethyldisilazane 32, and then
the resulting iV-silylated derivative 33 (X - H2) was treated with
1-chloroadamantane in the presence of titanium(rv) chloride and
chlorotrimethylsilane. The reaction product 34 (X = H2) was
obtained in 54% yield. The JV-silylated derivative 33 (X = O)
and the corresponding adamantylation product 34 (X = O) were
obtained in a similar way from pyrrolidine-2,5-dione (yield
33%).37

NH + Me3SiNHSiMe3

32
refluxing, 4-5 h

AdCl,CH2a2,TiCL>
20 °C, 12-48 h NAd

O

33

H2)O.

JV-(Adamant-l-yl)phthalimide 35 has been obtained in 15%
yield by the reaction of the amine 7 with phthalic anhydride with
subsequent cyclisation of the resulting o-(adamant-l-yl)amino-
carbonylbenzoic acid with acetic anhydride.38

C5H5N

AdN

iV-(Adamant-l-yl)maleimide, which possesses antitumour
activity and inhibits Herpes simplex virus, has been prepared by
the reaction of the amine 7 with maleic anhydride followed by
cyclisation of the resulting compound AdNHCOCH = CHCOOH
with polyphosphoric acid.39

Heating of butyrolactone with the amine 7 and with 1-amino-
3-hydroxyadamantane at 200-205 °C leads to iV-substituted
derivatives of pyrrolidone 36a and 36b in 86.5% and 71.5%
yields, respectively.

Sh
NH2

AdNH2

7

R = H (a), OH (b), COOH (c).

36a-c

The hydroxy compound 36b can also be obtained from the
adamantyl derivative 36a by treating it with a mixture of nitric and
sulfuric acids (0 -5 °C, 2 h, yield 56.3%). The acid 36c (R =
COOH), in its turn, can be synthesised in 69.5% yield from the
hydroxy derivative and formic acid in the presence of sulfuric acid
(20 °C, 5 h).40

The compounds 36a and 36b exhibit an immunostimulating
activity, which is higher for 36a. The introduction of the COOH
group exerts no substantial influence on the activity, but decreases
markedly the toxicity.40

JV-(Adamant-l-yl)pyrrolidone and its hydrochloride have
been patented as anti-inflammatory agents and also as prepara-
tions stimulating the central nervous system and decreasing the
cholesterol level.29 iV-[2-(Adamant-l-yl)ethyl]pyrrolidine and
JV-[3-(adamant-l-yl)propyl]pyrrolidine hydrochlorides have also
been recommended as agents influencing the central nervous
system.41

Heating of the diketone 37 with ammonia in a sealed tube
affords 2,5-di(adamant-l-yl)pyrrole in a very high yield (95%).42

O O

II II
AdC(CH2)2CAd

37

NH3
MeOH

125 °C, 7 h Ad Ad
H

The cyclisation of compound 38 in the presence of hydrogen
chloride or trifluoroacetic acid affords two different salt-type
products.43

HC1 (g), Et^, dioxane
20°C,24h

CF3COOH
24 h

CF3COI

Refluxing of the bromomethyl ketones 39 with aniline leads to
their cyclisation into indol derivatives 40 in 48% - 94% yields.44-45
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refluxing,l-3.5h

R1 Ref.

H
H
CH2Br

a

H 0
H 1
CH2Br 0
NHPh 0

44,45
44
44
44

It has been found that the reaction of adamant-1-yl bromo-
methyl ketone 41 with 2-methylpyridine gives in 50% yield salt 42,
which then cyclises to 2-(adamant-l-yl)indolizine in 58% yield.46

o Me

II
AdCCH2—

42

2-(Adamant-l-yl)buta-l,3-diene 43 enters into the Diels-
Alder reaction with JV-phenylmaleimide upon refluxing in ben-
zene to give the corresponding adduct 44 in 63% yield.47

O
A V * r

k * + [
43

_*. T

NPh

O

0

NPh

^ w
44 0

PaH
refluxing, 0.5 h

The introduction of an adamantane nucleus into the por-
phyrin derivatives 45 giving rise to compounds 46 has been
accomplished by the action of 3-aminomethyl-l-hydroxyadaman-
tane or 3-hydroxyadamantane-l-carboxylic acid in the presence
of methanesulfonic acid (see Table I).48

OH

R, MeSO3H

45

46a-f
Following refluxing with formamide, the bromoketones

Ad(CH2)BCOCH2Br are converted into imidazole derivatives 47
in 4 3 % - 5 1 % yields.44'45

Q O

+ HCNH2Ad(CH2)BCCH2Br
refluxing, 2-3.5 h

Ad(CH2),

r— NH

47

n = 0, 1.

The ketone 48, which is formed in the reaction of the
bromomethyl ketone 41 with imidazole, has been reduced to the
corresponding alcohol 49, the derivatives of which have been
recommended as bactericides and fungicides.49

41 AdCCH2—:

48

NaBH,
NN

OH

AdCHCH2—

49

Japanese investigators50-51 developed a method for the
introduction of the adamantyl radical into heterocyclic com-
pounds, which involves the use of organosilicon derivatives of
the latter. For example, treatment of iV-(trimethylsilyl)imidazole
with 1-chloroadamantane in the presence of aluminium chloride
or titanium(iv) chloride affords 4-(adamant-l-yl)imidazole in
52% yield.51

N\
N—SiMe3 + AdCl

A1C13,CHC13

20 °C, 12 h "

Ad

NH

Similarly, in the reaction of l-(trimethylsilyl)benzimidazole with
1-chloroadamantane, the adamantyl radical adds to the benzene
ring rather than to the heterocyclic nucleus; hence, the reaction
leads to 5-(adamant-l-yl)benzimidazole (yield 49%).50

In a more recent study,37 the JV-adamantylation of nitrogen-
containing heterocycles has been carried out by a one-pot
procedure: a heterocyclic compound was initially treated with
disilazane, and then 1-chloroadamantane and a Lewis acid were
added to the reaction mixture; the process was completed, as a
rule, at room temperature. 4-Methylpyrazoline was converted in
this way into 1 -(adamant-l-yl)-4-methylpyrazoline (yield 60%),
while the transformation of 5-methylpyrazoline gave l-(adamant-
l-yl)-5-methylpyrazoline (yield 18%) and the product of its
dehydrogenation, 1-(adamant-l-yl)-5-methylpyrazole (yield
37%).37
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Table 1. Yields of adamantylporphyrins 46.

Comp- R Ar1 Ar2

ound
Ar3 Ar4 Ar5

M-G A Shvekhgeimer

Yield
(%)

46a CH2NH2 Ph

46b CH2NH2 4-MeOC6H4

Ph Ph

4-MeOCsH4

Ph

OMe

CH2NH2

:2NH2

42

42

46c CH2NH2 4-MeOC(sH4 4-MeOQft,

CH2NH2

4-MeOCsH4

DMe

CH2NH2

OMe

22

46d CH2NH2

46e COOH Ph

CH2NH2

)Me

Ph

46f COOH 4-MeOC6H4 4-MeOC«H4

CH2NH2

Ph

4-MeOCsH4

OH

22

40

45

Me

Me

HN.

1. Me3SiNHSiMe3,20 °C, 12 h
2. AdQ, A1Q3, CHCI3, 0 °C, 1 h

1. (Me3Si)2NH, 20 °C, 12 h
2. Ada, Aia 3 , CHa3 ,0 °C, 1 h

Me Me

Ad—K )> + Ad—

l-(Adamant-l-yl)pyrazole has been obtained by heating
pyrazolewith 1-bromoadamantane.52-53

AdBr •
\ 190-200 °C,1 - 2 h

l-(Adamant-l-yl)imidazole (yield 74%) and l-(adamant-l-
yl)benzimidazole (yield 69%) were synthesised in a similar way
from 1-bromoadamantane and imidazole (or benzimidazole).53

The reactions of 1-bromoadamantane with pyrazole and its
alkyl analogues 50 have been studied in detail. It was found that
the interaction of AdBr with pyrazole, 3-methylpyrazole, or 3,5-
dimethylpyrazole under a pressure of 200 atm may afford one to
three reaction products 51-53 depending on the temperature and
on the ratio heterocyclic compound: bromide.54

50 H

+ AdBr

?

200 atm

N

45%

Ad

51

H

52

Ad

53
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50:AdBr Tj °C t/h Reaction products composition (%)

51 52 53

120
230
230

230
230
230

120
230

4
4
1

4
4
4

5.5
4

R' =
100
13
14
R' =
78
7
9

R1 =
100
0

= R2 = H
0
86
37

= Me, R2 = H
25
90
26

= R2 = Me
0

100

0
1

49

0
3

65

0
0

In a certain temperature regime, one can obtain only com-
pounds 51.

The hydrochlorides of iminoesters of carboxylic acids are
convenient initial compounds for the synthesis of diverse hetero-
cyclic derivatives. The reaction of methyl adamantane-1-carbox-
imidate hydrochloride 54 with ethylenediamine gives 2-(adamant-
l-yl)imidazoline in 92% yield, while the interaction of compound
54 with 0-phenylenediamine leads to 2-(adamant-l-yl)benzimid-
azole (yield 71.5%).55-56

NH-HC1
AdC

\
OMe

54

, MeOH
0 °C, 1 h, refluxing, 2 h.

, MeOH

refluxing, 1 h

The imidazoline derivatives 55 have been synthesised in
8 0 % - 9 4 % yields by cyclocondensation of JV-(adamant-l-ylme-
thyl)ethylenediamine with hydrochlorides of various methyl
carboximidates.56

NHHC1
RC

N.
• AdCH2NH(CH2)2NH2

1.0 °C, 1.5 h
2. 60°C,4h

OMe

*-0
55

NH-HC1

\
OMe

56

+ 2AdCH2NH(CH2)2NH2
1.0 °C, 1.5 h
2.60°C,4h

NN

AdH2C
57

Me NO2

R = (CH2)2C(NO2)(CH2)2, (CH2)2C(NO2)(CH2)2,

(CH2)2OCH2C =CCH2O(CH2)2.

A series of adamantane derivatives containing residues of two
identical or different five-membered heterocyclic compounds have
been synthesised from 1,3-dicyanoadamantane 58. Its reaction
with ethylenediamine in boiling cumene in the presence of hydro-
chloric acid gave l,3-bis(imidazolin-2-yl)adamantane 59 in 86%
yield.56-57

The compound 59 is also formed in 83% yield in the reaction
of the diiminoester dihydrochloride 60 with a five-fold excess of
ethylenediamine in methanol.56'57

CN

r~\NH

2H2N(CH2)aNH2, HC1, cumene
refluxing, 36 h

10H2N(CH2)2NH2,
MeOH
0°C,lh;20°C,28h

NHHC1

NHHC1

\
OMe

60

If the reaction of the dihydrochloride 60 involves a stoic-
hiometric amount of ethylenediamine, it leads to the compound 59
and 3-aminocarbonyl-l-(imidazolin-2-yl)adamantane 61.56-57

CONH

60 + 2 H2N(CH2)2NH2
MeOH

59 +

R = Me, Ph, PhCH2, 5-nitrofuryl-2, 2-(benzimidazoH-yl)ethyl,
3-nitro-3-methylbutyl.

The reaction of hydrochlorides of methyl iminoesters of
dicarboxylic acids 56 with two equivalents of JV-(adamant-l-
ylmethyl)ethylenediamine affords compounds 57 containing two
iV-(adamant-l-ylmethyl)imidazoline fragments in 89%-95%
yields.56

The formation of the amide 61 is accounted for by the fact that
one of the iminoester groups undergoes partly the Pinner
rearrangement under the reaction conditions

R-C( = NH-HCl)OMe R-C(O)NH2 + MeCl.

1 -(Benzimidazol-2-yl)-3-(methoxycarbonyl)adamantane 62
has been synthesised in 64% yield by the reaction of the
dihydrochloride 60 with a stoichiometric amount of
o-phenylenediamine carried out in boiling methanol.
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COOMe

60 +
MeOH

H-
refluxing, 2 h

The C(O)OMe group arises via the alcoholysis of the iminoester
group.56'57

RC(=NHHCl)OMe 2MeOH

— - R—C(O)OMe + Me2O + NH4CI

When the dihydrochloride 60 is introduced in the reaction
with a fivefold excess of o-phenylenediamine at 20 °C, 1,3-bis-
(benzimidazol-2-yl)adamantane 63 is obtained in 69% yield. The
same compound is formed in 58% yield on refluxing the dinitrile
58 and o-phenylenediamine in cumene in the presence of hydro-
chloric acid.56-57

HN-

60

58 A, 10 h

The adamantane derivative containing a benzimidazole resi-
due in the 1-position and an imidazoline fragment in 3-position
has been prepared in 71 % yield by condensing compound 62 with
ethylenediamine in the presence of the KU-2 cation-exchange
resin.56-57

62

Refluxing of the compound 62 with o-aminophenol in
/7-xylene in the presence of the KU-2 cation-exchange resin with
continuous removal of the water liberated affords l-(benzimida-
zol-2-yl)-3-(benzoxazol-2-yl)adamantane 64 in 59% yield.56-57

H2N.

62 +

The carboxylic acids of the adamantane series 65 react with
ethylenediamine or with o-phenylenediamine at a temperature of
180 °C giving the imidazolines 66 (yields 49% and 56%) or
benzimidazoles 67 (yields 32% -42%).5 8

66: R1 = H, OH;
67: R1 = H; R2 = H, Me, Cl, Br, OH.

Some of the compounds synthesised were noted to possess
antihypertensive and antibacterial activities.58

6-(Adamant-l-yl)benzimidazole has been obtained in 98%
yield by the cyclocondensation of the bis-hydrochloride 68 with
formic acid.59

HCOOH

95-105°C,7h

JV-(Adamant-l-ylcarbonyl)-o-phenylenediamine is converted
into 2-(adamant-l-yl)benzimidazole in 96% yield on heating with
polyphosphoric acid.60

Cyclocondensation of hydrazine or its derivatives with carbo-
nyl compounds is a common method for the synthesis of
compounds of the pyrazole series. This method is also used fairly
frequently for the synthesis of adamantyl-containing pyrazole
derivatives. For example, when iV-(adamant-l-yl)hydrazine
hydrochloride 69 is made to react with the tetramethylacetal of
malonaldehyde, 1 -(adamant-1 -yl)pyrazole is formed in 63 % yield;
treatment of the latter compound with bromine affords the 4-
bromo-derivative 70 (yield 95%). When (adamant-l-yl)pyrazole
is treated with a mixture of nitric and sulfuric acids, the nitration
of the pyrazole ring and the oxidation of the adamantyl fragment
occur simultaneously to give compound 71, yield 86%.61

CH(OMe)2

AdNHNH2-2HCl

69
H2C\

CH(OMe)2

EtOH,H2O
refluxing, 2 h
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The reaction of pentane-2,4-dione with the dihydrochloride 69
leads to l-(adamant-l-yl)-3,5-dimethylpyrazole, which is con-
verted into compound 72 in 86% yield on treatment with a
mixture of nitric and sulfuric acids.61

69

O O
II II

MeCCH2CMe
EtOH

refluxing, 3 h

Me
HNO3,H2SO4

20 °C, 12 h

Me

Me

NO2

The dihydrochloride 69 reacts with 3-methylpentane-2,4-
dione in boiling alcohol (3 h) to give 1 -(adamant-l-yl)-3,4,5-
trimethylpyrazole (yield 63 "A).62

The chlorination of l-(adamant-l-yl)-3,5-dimethylpyrazole
with chlorine carried out with cooling involves both the pyrazole
ring and one of the methyl groups and leads to 1-(adamant-1-yl)-
4-chloro-5-dichloromethyl-3-methylpyrazole 73 in 43% yield.62

Ad—:
Cfe.CCU

cooling, 1 h

C12HC

Ad—N

A series of derivatives of 4-(adamant-l-yl)pyrazole 74 have
been prepared in 7 1 % - 9 3 % yields by the condensation of the
hydrazines 75 with the P-diketones 76 carried out in boiling
alcohol (1 h), in alcohol at 20 °C (12 h), or without solvent at
130-140 °C(1-1.5 h).«

O

R'CCHCR2 + R3 NHNH2

Ad 75

76

R2 R3 R1 R2 R3

Me Me H Me Me Ph
Me Ph H Ph Ph Ph
Ph Ph H

In earlier papers,42-64 the products of the interaction of the
P-ketoesters 77 with phenylhydrazine have been identified as the
pyrazol-5-one derivatives 78 (yields 67%-80%). The reactions
were carried out at 20 °C for 3 h in aqueous acetic acid in the case
of the ketoester with R = Ad 42 or without solvent in the case of
R = AdCHz.64

O O
II II

RCCHbCOEt + PhNHNH2

77

R = Ad,AdCH2 .

The reaction of the dihydrochloride 69 with P-aminocrotono-
nitrile affords l-(adamant-l-yl)-5-amino-3-methylpvrazole in
40% yield, whereas the interaction of the compound 69 with
methyl fluorosulfonate gives the salt 79 (yield 90%).61

Me
NH2

MeC=CHCN, EtOH

AdNHNH2-2HCl

69

refluxing, 12 h

FSO3Me, CH2CI2

r
Ad

20°C,48h

Ad

Me

79

Cyclocondensation of (3-hydroxyadamant-l-yl)hydrazine
with 3-nitropentane-2,4-dione leads to compound 80, which is
active against anaerobic bacteria.65

OH

O O
II II

NHNH2 + MeCCHCMe

NO2

Me

EtOH

The 1-acetyladamantane derivatives, in which one or two
hydrogen atoms in the methyl group have been substituted by
bromine or by a functional group, have been used as the initial
compounds in the syntheses of heteryladamantanes. The bicyclic
compounds 81 and 82 were prepared by the condensation of the
ketone 41 with 2-aminothiazole and 2-aminopyridine, respec-
tively.46

AdCCH2Br

41

EtOH
,NH2

81

The hydoxy ketone 83 reacts with aldehydes and ammonia in
boiling methanol in the presence of copper acetate to give the
imidazole derivatives S4.66

O
II

AdCCH2OH + RC

83 H
NH3(H2O)

(AcO^Cu, MeOH
refluxing, 1 h

Ad

N NHY
R 84

R = H (54%), Pr1 (46%), Ph (54%).
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If the hydroxy ketone 83 is made to react with ammonia in the
absence of aldehydes, 2-(adamantylcarbonyl)-4-(adamant-l-yl)-
imidazole is obtained in 72.5% yield.66

Ad

283 + NH3(H2O)
(AcOfeCu, MeOH H

N NH

COAd

4-(Adamant-l-yl)-2-sulfanylimidazole(84,R = SH) has been
synthesised in 35% yield by refluxing the hydrobromide 85 with
NH4SCN in water.66

AdCCH2NH2HBr + NH4SCN

85

H2O
refluxing, 3 h

84(R = SH)

Some investigators have prepared adamantyl-containing
pyrazole and pyrazoline derivatives using adamantyl diazome-
thyl ketones as the initial compounds. The condensation of
adamant- 1-yl diazomethyl ketone 86 with propiolonitrile or with
acrylamide gives 3-adamantylcarbonyl-5-cyanopyrazole 87 (yield
92%) or 3-adamantylcarbonyl-5-aminocarbonylpyrazoline 88
(yield 14%).«°

HCsCCN, dioxane

AdCCHN2

86

100°C,24h

O
II

CH2=CHCNH2 ,
Et3N, dioxane

100 °C, 1.5 days
Adi

An interesting reaction occurs when adamant-1-yl azidome-
thyl ketone is heated in xylene; the compound 86 is converted into
2-adamant-l-ylcarbonyl-4-(adamant-l-yl)imidazoline 89 (yield
73%). The authors67 believe that the process involves the inter-
mediate formation of nitrene, which is converted into mine, and
the latter dimerises with intermolecular abstraction of water.

AdC(O)CH2N3
xylene

refluxing, IS h

O

AdCCH=NH
- H 2 O

AdC

89 H

l-(Adamant-l-yl)-5-aryl-2-diazopentane-l,3,5-triones 90,
obtained by heating 5-aryl-2,3-dihydrofuran-2,3-diones 91 with
the diazoketones 92 in tetrachloromethane, are converted in the
presence of triethylamine into the pyrazolin-4-one derivatives 93
in 63-92% yields.68

O

ecu
refluxing, 1-1.5 h

92

|| || || EtjN.CCL,
CCN2CCH2CC6H4R-4

90
20 °C, 15-20 h

H

X = H, R = H, Me, OMe, Br, Cl; X = ONO2; R = H, Br.

The transformation of the derivatives 90 into the correspond-
ing pyrazolin-4-ones 93 can also be carried out with nickel
chloride as the catalyst.69

NiCl2,CHCl3,EtOH

20-23 °C, 20-30 h

X = H,R = Q; X = ONO2)R = H.

The P-chloroacrolein derivatives R1C(C1) = C(R2)CHO offer
considerable synthetic opportunities. These compounds are
widely used for the synthesis of various heterocyclic derivatives
including heteryladamantanes. For example, the aldehydes 94
have been converted into the pyrazole derivatives 95 by two
different procedures.70'71 One of them70 involved the reaction of
the aldehydes 94 [Ar = 2,4,6-(NO2)3C6H2 and CSH5] with phe-
nylhydrazine giving the corresponding hydrazones 96, which were
then converted into the target compounds 95;70 whereas according
to the other procedure,71 5-(adamant-l-yl)-l-phenylpyrazole was
obtained without isolation of the intermediate hydrazone 96
(R = H, Ar = Ph).71

Cl R
I I /

AdC=CC
94

ArNHNH2 • X

H

Ad
?R

C=CCH=NNHAr

96

H^.EtOH

H3PO4
refluxing A d

n .N

95 Ar

Ar l /h T/°C Yield

95 96 95 96 95 96

H Ph HQ 2 24 160 20 48 73
H 2,4,6-(O2N)3C6H2 - 6 0.25 reflux- 100 41 77

ing
(AcOH)

Me 2,4,6-(O2N)3C,sH2 - 6 0.2 reflux- 100 54 62
ing
(AcOH)
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94(R = H)
PhNHNH2 • HO, EtOH

refluxing, 4 h Ad

(18%)

,N

Ph

Heating of the isoquinoline derivative 97 with an 18%
solution of phosphorus oxychloride in toluene affords 3-(ada-
mant-l-yl)imidazo[5,l-a]isoquinoline 98 in 90% yield.72

POa3,PhMe
refluxing, 12 h

97

The interaction of the ketone 41 with 2-amino-l-R-benzimi-
dazoles 99 leads to the hydrobromides 100 in quantitative yields;
on heating with concentrated hydrochloric acid the latter are
converted into the tricyclic compounds 101, which exhibit
immunodepressant properties and are psychotropic inhibitors of
cytochrome P-450.73

NH2

99

100 R

N—CH2CAd

NH
•HBr

HC1 (cone.)

101 R

R = Alk, PhCH2, (CH2)2NEt2, (CH2)2N(CH2)2OCH2CH2.

The derivatives of 8-(adamant-l-yl)xanthine or 8-(adamant-l-
yl)thioxanthine 102 have been prepared by cyclisation of the
amides 103 carried out in dioxane under the action of aqueous
sodium hydroxide.74

X2

R2

103

O
II

NHCAd

NH2

NaOH, H2O,
dioxane

102

X1, X2 = O, S; R1, R2 = H, Alk, CH2CH=CH2 , CH 2C=CH.

8-(Adamant-l-yl)-l,3-dipropylxanthine, which is an antago-
nist of adenosine Al, is formed upon heating 6-amino-5-(nor-
adamantanecarbonylamino)-l,3-dipropyluracil with phosphorus
oxychloride.75

The salts HalCH2CH2NHC(R!) = NR2 • HC1 cyclise in the
presence of alkali to give the imidazoline derivatives 104.30

R1

Hal(CH2)2NHC=NR2 • HX

R1 = Ad; R2 = Ph,C6H5-nR«.

alkali
N

R2 104

l-(Adamant-lyl)-2,2-dichloroimidazolidine-4,5-dione 105,
synthesised from (adamant-l-yl)cyanogen amide and oxalyl
chloride, is a promising synthon for the preparation of adaman-
tyl-containing derivatives of imidazolidine-4,5-dione.76

A d N H C = N + (COC1)2

Dioxane
a c.

55°C,40min
Ad—frr^N

M
o o

105

Treatment of the dichloro-derivative 105 with water affords
l-(adamant-l-yl)imidazolidine-2,4,5-trione 106 in 97% yield.76

To prepare derivatives of the imidazolidinetrione 106, namely,
compounds 107 and 108 (yields 62% and 92%), the product of the
hydrolysis of the dichloride 105 is made to react in situ with
diazomethane or with formaldehyde and morpholine.76

CH2N2

Ad—:

o o
106

Ad— [—Me

o o
107

CH2O,

/—^
HN O

Ad—

o

- C H 2 N O

108

The ketal 109 (yield 48%) is formed in the reaction of
adamantylcyanogen amide with oxalyl chloride in the absence of
moisture followed by treatment of the resulting dichloride with
ethylene glycol; the reaction of the compound 109 with formal-
dehyde and morpholine leads to the ketal 110 in 77% yield.76

105 + HO(CH2)2OH

Ad

Dioxane
6 5 ° C , l h '

"A
CH2O, HN

NH

109

O

Ad—NT N—CH 2 —N

O O

110

Compound 111 is synthesised from the dichloro-derivative
105 and 2,2-diethylpropane-l,3-diol under similar conditions in
11% yield.76

Et

105 + HOCH2CEt2CH2OH
Dioxane
65 °C, 1 h*

00

\dN NH

O O
111
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The spiro-compound 112 is prepared in 4% yield by heating
the dichloride 105 with ethane-1,2-dithiol in anhydrous dioxane.76

n
105 + HS(CH2)2SH

Dioxane
65 °C, 1 h* Ad—:

112

The successive treatment of (adamant-l-yl)cyanogen amide
with oxalyl chloride in anhydrous dioxane, with triethylamine,
and with secondary amines gives compounds 113 in 65% -90%
yields.76

AdNHCN +
Dioxane

55°C,40min
105

EtjN, dioxane

10-15 °C, 0.5 h

a
Ad—:

NR'R2

R'R2NH, dioxane

50 °C, 0.5 h
Ad—

R1, R2 = -O(CH 2 CH 2 ) 2 - 1 - ( C H 2 ) 5 - .

113

The imidazole derivative 114 is formed in 91% yield in the
reaction of the nitrile 115 with the isocyanide 116 at low
temperature.77

4-MeC6H4SCH2N=C + AdCN

116 115

BuLi
-75toO°C

The formation of 2-(adamant-l-yl)imidazole or 2-(adamant-
l-yl)benzimidazole from adamantane-1-carboxylic acid and imi-
dazole (or benzimidazole) in the presence of silver nitrate is a
homolytic reaction. The Ad" radical is generated from adaman-
tane-1-carboxylic acid.78

AdCOOH
AgNO3

NH

Ad -

Ad—(

2-(Adamant-l-yl)-l-methylhnidazole has been reported78 to
exhibit antiviral activity.

The crystalline carbene 117, which is stable in the absence of
oxygen and moisture, has been synthesised in 96% yield by
treating l,3-di(adamant-l-yl)imidazolium chloride 118 with
potassium terf-butoxide in dimethyl sulfoxide.79

c
Ad

•N

)

Ad

Bu'OK.DMSO.THF
20 "C *

Ad 118 Ad 117

The carbene 117 reacts with carbon monoxide or with sulfur
dioxide80 in THF giving the ketene 119 (yield 34%) or 1,3-
di(adamant-l-yl)imidazole-2-thione 5,5-dioxide 120.

CO

117 THF
Ih

SO2

Ad 119

Ad

•N

N

Ad 120

Adamantyl residues have been introduced to the nitrogen
atoms in 1,3,4-triazole, 1,2,4-triazole, or benzotriazole by treating
these compounds with 1-bromoadamantane with heating.53

HetH + AdBr
190-200 °C

AdHet

Het = 1,2,4-triazol-l-yl (59%), l,3,4-triazol-l-yl(3%),
benztriazol-1-yl (45%), benztria2ol-2-yl (34%).

1-(Adamant-1-yl)-1,2,4-triazole is formed in 30% yield on
heating sym-triazine with the hydrochloride 69 in alcohol.53

69 EtOH
refluxing, 20 h

Ad—

l-(Adamant-l-yl)-l,2,4-triazole (yield 70%) and l-(adamant-
l-yl)benzotriazole (yield 60%) have been prepared by a two-stage
procedure. The first stage consists in the JV-silylation of the
corresponding heterocyclic compounds by refluxing them with
disilazane 32. In the second stage, the products of the JV-silylation
are treated with 1-chloroadamantane in the presence of alum-
inium chloride at 20 °C.37

N

H

1.32, refluxing,
8-10h

2. Add, A1C13,
CHC13>2O°C,
2-4 h

Japanese scientists81 have studied systematically the 1,3-
dipolar cycloaddition of l-azidoadamantane 121 to alkynes. The
reactions of the azide 121 with alkynes 122 are carried out at
110 °C. The yields of the 1,2,3-triazole derivatives 123 vary from
5% to 84%.81
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R1

AdN3 + R ' C ^ C

121 122

Ad—N

123 R>

R2

R2 Reaction
time/h

Yield of
123 (%)

Ph
H
H
H
H
CH2OH
Ph
C(Me)(Et)OH
COOMe

H
Ad
COOMe
CH2OH
COOEt
CH2OH
Ph
C(Me)(Et)OH
COOMe

35
30
11
5

50
90

500
180
24

2 1 "
67
84
80 b

77
32
17
5

77

a The analogue of 123 with R1 = H, R2 = Ph is formed in 60% yield.
b The analogue of 123 with R1 = CH2OH, R2 = H is formed in 11 %.

C H 2 = C H R
AdN3

110°C,24h

/
Ad—N

132

— » Ad—r

134

. = NO2,SOPh.

PhCH=CHNO2

AdN3

110°C,35h

/
Ad—N

- R H

Ph
NO2

-HNO2

Ad—N |

135 Ph

133

The alicyclic alkenes 124-127 enter into the 1,3-dipolar
cycloaddition with adamantyl azide giving the 1,2,3-triazoline
derivatives 128-131, their yields ranging from 40% to 70%.81

AdN3

110°C,72h

N - N

128 Ad

127

131

The azide 121 reacts with the ester CH2 = CHCOOEt at 20 °C
and is thus converted into l-(adamant-l-yl)-4-ethoxycarbonyl-
1,2,3-triazoline in 85% yield over a period of 336 h.81

The reaction of the azide 121 with alkenes CH2 = CHNO2>

PhCH = CHNO2, and PhSOCH = CH2 is more complex. In all
these cases, the adducts 132 and 133 formed initially eliminate
HNO2 and PhSOH molecules, and the reaction products are the
corresponding 1,2,3-triazole derivatives 134 (yields 73% and
88%) and 135 (yield 66%).81

The adduct 131 readily eliminates a CsHeO molecule giving
rise to 1-(adamant-1-yl)-1,2,3-triazole 134 (yield 71%).81

To prepare the derivatives of 1,2,3-triazole 136, phosphorus
ylide 137 has been used as the second component in the reaction
with the azides 4-RC6H4N3. The yields of the adducts 136 vary
from 60% to 99%.82

PhHPh3P=CHCAd + R

137
refluxing

R (reaction time/h) = H (8), F(7), COOMe (3.5), COMe(1.5),

CHO (1), NO2 (0.5), SO2CF3 (0.5), N = NPh (5),

— C H . Me

NC6N4NO2-4(2),

^

N (3).

Compounds 138 and 139, which contain two 1,2,3-triazole
nuclei each, are obtained in 98 % and 93 % yields by the interaction
of the ylide 137 with l,4-bis(azido)benzene or with 4,4'-
bis(azido)diphenyldiazene.82

2137 + 4-N3C6RtN3
PhH

2137 + N3
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The aryl azides containing electron-donating substituents in
the para-position with respect to the azido group react with the
ylide 137 with difficulty or do not react at all.82

The ester enolates 140 react with the azide 121 on exposure to
the radiation from a mercury or mercury-xenon high-pressure
lamp to give the l,2,3-triazol-5-one derivatives 141 in 60% -70%
yields.25-83

Me
c

R

OliO
+ AdN3

OMe

THF or Et2O, Av, N2

20-25 "C, 1-3 h

140 121

141
R = Me, Bu«.

Rusinov et al.84 accomplished simultaneous introduction of
an adamantyl radical and of a nitro-group by treatment of the
bicyclic compound 142 with adamant- 1-yl nitrate in the presence
of concentrated sulfuric acid. The reaction gave a mixture of two
compounds 143 and 144 in an overall yield of >70%.84

Ad 143

R = H, Me; X = N, CH, CMe, CCF3.

,NO2

144 Ad

The 1,3,4-triazole derivatives 145, which contain in the
2-position the residue of thioglycolic acid hydrazide, react with
carbon disulfide to give compounds 146.85

N—N
//

. + CS2

I
Ad 145

N—N N—N

Ad 146
R = CH2CONHNH2.

l-(Adamant-l-yl)-5-methyltetrazole has been obtained in
46% yield by the reaction of the chlorocarbonate 147 with
acetonitrile and sodium azide at room temperature over a period
of20h.86

AdOCOCl

147
-CO2

Ad+Cl"
MeCN

Ad

(AdNCMe)+Cl-
%

Me

The tetrazoles 148 containing alkyl, alkenyl or aryl substitu-
ents in the 5-position have been prepared by the interaction of
1-iodoadamantane with silver hexafiuoroantimonate and with the
corresponding carbonitriles in the presence of the quaternary
ammonium salt EtiN^NJ".86

(AdNCR)+SbF« R C N-Adi + AgSbF6 + RCN

N-

148

R = Me (71%), Et (29%), Pr (64%), Pr* (43%), Ph (21%),

CH2 = CH (20%), CH = CMe2 (14%), PhCH = CH (49%).

When tetrazole is heated with the bromo-derivative of
adamantane at 190-200 °C, two compounds are formed,
namely, 1-(adamant-1-yl)tetrazole (yield 24%) and 2-(adamant-
l-yl)tetrazole (yield 30%).S3

The direct adamantylation of the tetrazole ring has been
carried out by treating 5-methyltetrazole and 5-phenyltetrazole
with adamantan-1-ol in the presence of sulfuric acid.87

R

.N +AdOH

= Me(57%),Ph(84%).

H2SO«(100%)
30°C,4h

4. Six-membered heterocycles
l-(Adamant-l-yl)-4,4-diarylpiperidines88 and iV-[2-(adamant-l-
yl)ethyl]piperidine hydrochloride41 have been patented as stim-
ulants of the central nervous system.

By refluxing AdBr with piperidine, pyridine, or 4-picoline, the
corresponding salts have been synthesised; they have been
recommended as antiviral agents.89

RN +AdBr
refluxing, 8 h

RN—Ad Br-

In a study of reactions of pyridine and its derivatives with
1-bromoadamantane and 1-iodoadamantane, it has been shown
that the successful formation of the salts 149 requires that a small
amount of water be present in the reaction mixture.90

AdX
0.2% H2O, tube
180°C,4-6h

149
X R Yield (%)

Br
I
Br
Br
Br
Br

H
H
3-Me
4-Me
3-CONEt2

4-(pyridyl-4)

97
96
62
80
70
98

When the reactions are carried out in the absence of water, the
salts 149 are formed in low yields. The process should be carried
out at 230-250 °C. The corresponding salt with quinoline is not
formed.90 Steric factors play an important role in this reaction: for
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example, the salts 149 cannot be obtained from adamant-1-yl
halides with 2-picoline, 2,3-lutidine, or 2,4,6-collidine.

A hydrogen atom in the adamantane molecule can be
substituted by a pyridyl radical in the presence of a Gif system
(Fe-02-Zn-AcOH-CsHsN) . For example, the reaction of
adamantane with pyridine in the presence of this system at 20 °C
gives rise to two products: 2-(adamant-l-yl)pyridine and l-(2-
pyridyl)adamant-2-one.91

C5H5NOH2O) Gif
20°C,24h

The hydrogen atom in the 2-position of pyridine can be
substituted by the adamantane residue by a radical mechanism.
2-(Adamant-l-yl)pyridine is formed in 20% yield when a mixture
of adamantane-1-carboxylic acid and pyridine is irradiated with a
Hanovia lamp (100 W) in the presence of lead(rv) acetate under an
argon atmosphere.91

AdCOH + C5H5N
Pb(OAc)4, AcOH, argon

20 °C, 0.5 h
I T

A method has been developed for the substitution of the
hydrogen atom at the nitrogen atom in the 2-pyridone derivatives
by the adamantyl fragment.37 For this purpose, this hydrogen
atom is substituted by the SiMe3 group by treating the initial
compounds with disilazane 32, and then the jV-silylated products
are made to react with chloroadamantane in the presence of
aluminium chloride. The electronic nature of the substituents in
the heterocyclic nucleus of the initial compound exerts the crucial
influence on the yields of the reaction products. In the case where
electron-withdrawing substituents (Cl or NO2) are present in the
5-position, the yields of compounds 150 are 53% or 77%. When
the initial compound contains an electron-donating methyl group
in the 3-, 4-, or 5-position, the yields of the products 150 are much
lower (25%, 30%, and 30%, respectively).37

1.32, PhMe, refluxing, 5 h
2. Add, AICI3, CHCU, 20 °C, 24 h

I
H 150 Ad

R = 5-C1, 5-NO2, 3-Me,4-Me, 5-Me.

The interaction of 2-quinolone with chloroadamantane under
similar conditions leads in 72% yield to (adamant-l-yl)-2-quino-
lone (the position of the adamantyl substituent has not been
mentioned in the paper cited).37

1-(Adamant-l-yl)-2-pyridone has been obtained in 3 0 % -
52% yield by the reaction of the chloro-derivative of adamantane
with 2-(trimethylsilyloxy)pyridine. The reaction is carried out in
the presence of aluminium chloride at 20 °C for 12 h.50 'S!

The reaction of the compound 151 with pyridine in the
presence of acetic acid under irradiation with two tungsten
lamps (300 W) leads to a complex mixture of products, among
which 2-(adamant-l-yl)pyridine (yield 27.5%) and 4-(adamant-l-
yl)pyridme (yield 14%) have been identified.92

A »
^ N—OCAd + C5H5N

151

AcOH, N2, kv

Ad

JV-(Adamant-l-yl)pyridinium salts are obtained from bromo-
adamantane and pyridine. If this reaction is carried out in a sealed
tube at 230 °C for 30 h, the yield of adamantylpyridinium
bromide is 69%,93 whereas in the reaction carried out at 180 °C
for 6 h, the yield reaches 97%.94 When bromoadamantane reacts
with pyridine in the presence of sodium perchlorate in nitro-
methane at 0 °C for 4 h and then at 20 °C for 14 h, iV-(adamant-1 -
yl)pyridinium perchlorate is formed in 54% yield.95

Adamant-1-yl methyl ketone condenses with isatin in the
presence of ammonia to give the hydroxy diketone 152, which is
converted into 2-(adamant-l-yl)quinoline-4-carboxylic acid in
94% yield in the presence of sulfuric acid. If the reaction is
carried out without isolation of the compound 152, this acid is
formed in a yield of only 5% -10%. 9 6

NH3(H2O), EtOH

refluxing, 20 °C, 24 h

H2SO4,AcOH,H2O
refluxing, 3 — 5 h

152

COOH

2-(Adamant-l-yl)quinoline has been synthesised in 75% yield
by refluxing a mixture of adamant-1-yl methyl ketone with
2-aminobenzaldehyde in an alcoholic solution of potassium
hydroxide for 1 h.96

In the presence of a weak protic acid, pyridinium chloride, 3,7-
dimethylenebicyclo[3.3.1]nonane (153, X = CH2) and 3-methyl-
enebicyclo[3.3.1]nonan-7-one (153, X = O) react with pyridine
yielding the corresponding pyridinium salts.97

C5H5N
100 °C

X = CH2 , Y = Me; X = O, Y = OH.

The reaction of the compound 153 (X = O) with piperidine in
the presence of piperidine hydrochloride follows a different
pathway: piperidine adds to the oxo-group, then a molecule of
water is eliminated, and finally, the ring closure occurs.98
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OH

153 (X = O)

QNH
I53 + C5H5NSO3

CH2SOJ

C5H5N

150 °C, 5 h '

Salts of heteryladamantanes can be obtained from the
precursors of adamantane, namely, compounds 153 (X = CH2)
or 1,3-dehydroadamantane, via conjugated intermolecular halo-
amination. A number of salts of l-heteryl-3-halomethyladaman-
tanes 154 have been synthesised by the reaction of the compound
153 (X = CH2) with pyridine bases or with quinoline.99

In 1976, a new SR reaction involving the Ad* radical was
reported.102 The interaction of adamantane-1-carboxylic acid
with ketones of the pyridine series in the presence of ammonium
peroxydisulfate and silver nitrate at 80 °C in aqueous ammonia
and acetonitrile leads to the generation of adamantyl radical,
which substitutes the acyl groups, the hydrogen atoms, or both in
pyridine bases.

COMe

=CH2

X2 x-
Nu

X = I: Nu — pyridine, quinoline;
X = Br: Nu — pyridine, 2-picoline, quinoline.

The reactions with bromine were carried out at temperatures
from —10 to 0 °C over a period of 10 days, whereas the reactions
with iodine were conducted at 20 °C over 10 days. The yields of
the salts 154 varied from 44% to 84%."

The salts 155 have been prepared in 28%-68% yields by the
reactions of 1,3-dehydroadamantane with heterocyclic amines
and iodine.99-100

I -
Nu

Nu — pyridine, 3-picoline, quinoline,

The diene 153 (X = CH2) reacts with pyridine-sulfotrioxide in
pyridine giving the salt 156 in 70% yield.101

COMe

(20%) (50%)

(30%) (15%)

CN

COMe

Ad"

COMe
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The following scheme of the homolytic i/wo-substitution has
been suggested:102

COR COR

Ad, COR

H j O

Ad'

+ RCOOH.

More recently this reaction has been studied103 in relation to
other compounds and a scheme for the formation of the Ad'
radical and of the SOi" radical-anion has been suggested.

S2Ol" + Ag+ —*- Ag^SO2" + SOi"

SO;" + Ag+ —*~ SO\- + Ag2+

AdCOOH + Ag2"" —*• AdCOi + Ag + + H +

AdCOi —*• Ad' + CO2

R R

H+,H2O,MeCN

R = CN, COMe; A: B = 92 : 8.

C H D H

C: D = 97 : 3.

4-(Adamant-l-yl)-2-ethoxycarbonylpyridine has been syn-
thesised in 42% yield by cycloaddition of the diene 43 to the
nitrile 157.47

Ad O
I II 115 °C, 25 days

C H 2 = C — C = C H 2 + EtOCCN £-»-

43 157

Ad

COEt

The reaction of the 2,3-dihydropyran derivatives 158 with
water in the presence of a platinum catalyst followed by treatment
in situ of the resulting 1,5-dicarbonyl compounds with ammonia
leads to the pyridine bases 159, their yields being 32% -42%.9 3

R2

H2O, PhH, Pt/Al2O3

158

OEt

R2

R3"^ ^ O O

R2

NH3, Pt/Al2O3

159
R1 R2 R3

Ad H H
AdCH2 H H
H AdCH2 H
H H Ad

On heating with phosphorus oxychloride in an autoclave the
oxonitrile 160 cyclises giving 2-(adamant-l-yl)-3,5,5-trichloro-
4,5-dihydro-6-pyridinone in 41% yield; the latter is converted
into 6-(adamant-l-yl)-3,5-dichloro-2-pyridone (yield 87%) on
treatment with triethylamine.104

a a
NCC-CH 2 -CH2-CHCAd

O
160

a

POCl3,PhH
190 °C, 2 h '

Et3N, Et2O
refluxing

H H

6-(Adamant-l-yl)-3-cyano-2-pyridone (161, X = O) and
6-(adamant-l-yl)-3-cyano-2-pyridoselenone (161, X = Se) have
been synthesised in 33% and 52% yields by refluxing the sodium
derivative 162 with compounds NCCH2C(X)NH2.105

AdCCH=<CHONa + NCCH2CNH2

162

AcOH, EtOH
refluxing, 0.5 h

Ad

,CN

X = O, Se.

H

161

The selenone 161 (X = Se) reacts with chloroacetonitrile in
the presence of a 10% aqueous solution of potassium hydroxide
under an inert atmosphere affording the selenopheno-
[2,3-6]pyridine derivative 163 (yield 70%), whereas during stor-
age in air the compound 161 is converted into the diselenide

CICH2CN, KOH, argon

161 -
(X = Se)

(Mair)
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The sulfur-containing analogue 161 (X = S) has been
synthesised in 62% yield by the cyclocondensation of the sodium
derivative 162 with cyanothioacetamide. The pyridine-2-thione
161 (X = S) thus obtained reacts with the bromo-derivatives
RCHbBr in the presence of bases to give the sulfides 165 (yields
58%-64%).106

I . AcOH
162 + NCCH2CNH2

RCH2Br,base,EtOH
161

Ad

.CN

!CH2R

165

X = S; R = COOMe, COOEt, CN.

The quinoline derivatives 166 are formed in 43% - 63% yields
in the reaction of the aldehydes 94 with aniline or 4-bromoani-
line 70> 7I (in some cases, the intermediate salts 167 can be isolated).

4-R2QH«NH2

Cl
94

EtOH,PhH
20 °C, 3 days

R1

4-R2C6H4NHC =CCH=NC«H4R2-4 • HC1

Ad 167

AcOH,
refluxing, 1.5 h

AcOH

refluxing, l.S-2h

R1 = H, R2 = H, Br; R1 = Me, R2 = H, Br.

The adamantane-1-carboxamides 168 have been prepared in
72%-92% yields from secondary amines and the acid chloride
AdCOCl or the sulfide 169.107-108

R'R2NH
a (or b)

O

AdCNR'R2

168

R1 = Et, R2 = Et;

R1 + R2 = - ( C H 2 ) 4 - , - ( C H 2 ) 5 - , -

(a) AdCOCl, Et2O (0-20 °C, 1 - 1 2 h);

O

(£) AdCSR3 (169) (refluxing, 4 - 6 h).

The amides 168 have been converted into biologically active
compounds 170 via several consecutive stages. First, they were
reduced with lithium tetrahydroaluminate to amines (yields
94%-97%) and the latter were converted into the carboxylic
acids 170. The hydrochloride of the amino acid 170
[R1 + R2 = — (CH2)5—] was made to react with thionyl chlo-
ride and piperidine to give the corresponding amide 171 (yield
91 %) , which was then reduced with lithium tetrahydroaluminate
to the diamine 172. The latter can also be obtained by the
reduction of the diamide 173 (yield 79%).107

168
LiAlH4,Et2O

refluxing, 2-3 h

HCOOH, H2SO4, Bu'OH
20°C,20h *

CH2NR lR2

170

1. SOCfe, refluxing, 0.5 h
/ — \

2. HN y, Et2O, refluxing, 2 h

LiAIKi.EfaO
refluxing, 2-3 h

Hydrochlorides of the acids 170 exhibit analgesic and anti-
inflammatory activities.107

To synthesise the aminoketones 174, two methods have been
suggested, namely, the Mannich reaction of 1-acetyladamantane
with aldehydes and arylamines and the addition of arylamines to
the a,P-unsaturated ketones 175, generated from acetyladaman-
tane and aldehydes.109

O ,O

AdCMe + RC + ArNH2 1

H

H

AdCCH= CHR + ArNH2 1

O R

AdCCH2CHNHAr

174

R =
Ar

175

• pyridyl-3, pyridyl-4, quinolyl-2, quinolyl-6, quinolyl-7;
= Ph, 2-FQH4,3-FC«Ili, 4-FC6H4, ^MeOCeHt, naphthyl-2.

The aminoketones 174 possess a broad spectrum of biological
activity: neurotropic, antiviral, antibacterial, fungicidal, psycho-
tropic, and hepatoprotecting activities.109

Heating of the ketone 41 with 2-aminopyridine or with
2-picoline in alcohol leads to the corresponding salts 176 (yields
96% and 50%).4«

AdCCH2—!

176

R = NH2, Me.

Br~
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An unexpected result was obtained when l-methyl-2-pyridone
was heated with 2-(adamant-l-yl)ethyne-l-carbonitrile: com-
pound 177 was found among the reaction products.110

O + AdCs=CCN

Me

Tube, N2

110 °C, HOh

Me

:N

T
177

The hydrobromide 85 is converted into 2,5-di(adamant-l-
yl)pyrazine in 30.5% yield on treatment with hydrogen perox-
ide.66

JNk

AdCCH2NH2HBr
H2O2

Ad

Piperazine derivatives 178 exhibiting an antiviral activity have
been prepared by refluxing bromoadamantane with piperazine or
with its JV-monosubstituted derivatives.89

AdBr +RN NH
refluxing, 8 h

RN NAd

R = H, HOCH2CH2, Ad, Ph, 3-Cl,4-MeC6H3.

Hexahydropyrimidine reacts with AdBr under conditions of
phase-transfer catalysis at a mercury cathode in a cell with a
double G-5 diaphragm giving the corresponding JV-adamantyl
derivative in 70% yield.111

+ AdBr
NH

Hg-cathode, - 2 . 0 V AdN
^ - N H

II /
AdCQ + HN

CHCb
20 °C, 3 h '

o
IIII / \ II

—*• AdCN NCCH=CHC6H4OMe-4

180
Compounds of the general formula 181 have been patented as

substances active with respect to the central nervous system.113

•Z'N N2?CH=CH
.R3

\=/
181

R1 = H, Me, MeO; R2 = H, Me; R3 = H, Me, MeO, Cl, F;

Z1,Z2 = CO,CH2.

The acylation of JV-(diphenylmethyl)piperazme with the
chloride AdCOCl leads to compound 182 exhibiting high anti-
histamine and antiallergic activities.114

Ph2CHN

Ph2CHN NCAd

182

iV-(Adamant-l-yl)hexahydropyrimidine and iV-adamantyl-
containing derivatives of other pyrimidines, pyridazines, and
pyrazines obtained in a similar way are active against influenza
viruses of the HbNzA/Singapore type.111

iV-(Adamant-l-yl)piperazine, synthesised in 85% yield by
heating piperazine with bromoadamantane in an autoclave, has
been made to react with cinnamoyl chloride in the presence of
triethylamine. The compound 179 formed in this reaction (yield
85%) enhances the cerebral circulation.112

HN
\
NH + AdBr

Argon

200 °C, 15 h

AdN NH
PhCH=CHCOCl, EtjN, CHCI3

20 °C, 2 h

O

AdN NCCH=CHPh

179

It has been reported in a patent113 that JV-(adamant-l-
ylcarbonyl)piperazine has been synthesised in 40% yield by the
acylation of piperazine with the acid chloride AdCOCl. The
product of acylation was converted into the JV^V'-diacylpiper-
azine 180 in 90% yield.113

l-(Adamant-l-ylcarbonyl)-3,3-diphenylpiperazine has been
synthesised from 3,3-diphenylpiperazine and adamantane- 1-car-
boxylic acid chloride in the presence of triethylamine.115

AdCCl

O

l,4-Dibromobuta-l,2-diene reacts readily with the amine 7
giving the dibromo-derivative 183, which is converted into the
1,4-disubstituted piperazine 184 on treatment with benzyl-
amine.116

2 BrCH2CH=C=CHBr AdNH2

7

DMF
20 °C, 40 min

AdN

,CH2CH=C=CHBr

CH2CH=C=CHBr

183

C=CH

AdN NCH2Ph

184 C=CH

PI1CH2NH2

20 °C, 48 h '
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In 1972, a new method was patented for the synthesis of the
JV-adamantylpiperazines 185. The method involves cyclisation of
the hydrochloride of (adamant- l-yl)bis(2-chloroethyl)amine 186
under the action of primary amines (the yield of compounds 185
ranges from 53% to 70%).117

AdN(CH2CH2Cl)2HCl

186

RNH2
DMF

refluxing

—*• AdN NR-HC1

185

R = cyclo-CeHu, Pr, Pr1, Bu, Bu«, Ph, PhCH2, H.

Later, this method was used to prepare a wider set of
l-(adamant-l-yl)-4-R-piperazines with R = H, Me, Et, Pr, Pr',
Bu1, C5H11, cyclo-C5H9, cyclo-QHii, cyclo-C8H1s, Ad, Ph,
PhCH2 and CH2CH2OH.

The majority of the hydrochlorides 185 increase the blood
pressure. The compounds with R = Et or CH2CH2OH have a
hypotensive effect, those with R = cyclo-CsHn slow down
cardiac activity, and the compound with R = Bu1 exhibits a
vasodilatory activity and an adrenaline-blocking effect.118

Compounds like 185 are active with respect to the central
nervous system, exhibit analgesic and hypothermal activities, and
modify the soporific effects of Hexanal, Medinal and chloral
hydrate.119

l-(Adamant-l-yl)-4-(tolyl-p-sulfonyl)piperazrae 188 has been
synthesised in 87.5% yield by the condensation of the dichloro-
derivative 187 with the amine 7.120

4-MeC6H4SO2N(CH2CH2Cl)2 + AdNH2

187 7

—*• 4-MeC6H4SO2N NAd

188

On refluxing in hydrochloric acid compound 188, is converted
into 1 -(adamant- l-yl)piperazine (yield 84%), which reacts with
the chloro-derivatives 189 to give phenothiazines 190 (yields
49%-50%);1 2 0 the latter exhibit vasodilatory and psychotropic
activities.

refluxing, 24 h

187
10% HCI

refluxing, 10 h
AdN

170 °C, 2 h

N-Y(CH 2) 3N NAd

190
X = CF3> Cl; Y = CH2, CO.

1 -(Adamant- l-yl)piperazine and its hydrochloride react with
the dicarboxylic acids 191 (in the presence of cyclohexylcarbodi-
imide) or with the corresponding acyl chlorides giving the
diamides 192 (yields 58% and 60%).121

AdN NH • X + RC(CH2)BCR

191
20°C,S-14h

AdN NC(CH2)BCN NAd

192

n R

OH

a HCI

The diamide 192 (n = 8) possesses an immunodepressive
activity.121

Treatment of 3-[2-(adamant-l-ylamino)ethyl]oxazolidin-2-
one with hydrobromic acid in glacial acetic acid affords a salt,
which cyclises to 1-(adamant-l-yl)piperazine on heating in butyl
alcohol.122

O

0 NCH2CH2NHAd
HBr.AcOH

H <

H

CH2CH2NAd

HBr
BuOH

CH2CH2Br
refluxing, 24-96 h

/
AdN NH

To introduce an adamantyl radical to the nitrogen atom of the
cyclic diazines, two procedures have been developed. One of them
involves the initial preparation of trimethylsilyl derivatives of
diazines, which are then treated with 1-chloroadamantane in the
presence of aluminium chloride. Compounds 193 have been
synthesised in this way in 38% - 5 3 % yields.50

X = O, R = H, F; X = S, R = H.

193

The second one-pot procedure is used for the synthesis of
JV-adamantyldiazines more frequently. The N-trimethylsilyl der-
ivative of diazine is prepared by refluxing the diazine with the
disalazane 32; the obtained compound is introduced directly into
the reaction with 1-chloroadamantane in the presence of alumin-
ium chloride (in CHCI3,20 °C).37 We present below the examples
of JV-(adamant-l-yl)azines prepared in this way (yields
38%-61%).37

OH

Initial
diazine

Product

O
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Initial
diazine

N

H

Product
NAd

Ad

The pyridazine derivative 194 has been obtained in 87% yield
by the diene condensation of compound 43 with ethyl diazenedi-
carboxylate at room temperature.47

O OAd^ ^CH2

CH2

EtOCN=NCOEt
PhH

20°C,20h

43

"XX
.COOEt

COOEt
194

The bis-adduct 195 formed from the cyclic sulfone 196 and an
excess of 4-phenyl-l,2,4-triazoline-3,5-dione, is converted into
4,5-di(adamant-l-yl)pyridazine in 56% yield on treatment with
potassium hydroxide followed by oxidation in air.123

O'n
so2
196

+ 2
PhMe

refluxing

O

Ph

N—N
JAd

Ad

l.KOH,MeOH,20°C
2.O2(air)

195

Ad

A d '

Ph

When the diamine 197 is refluxed with oxalyl chloride in
toluene, 3-(adamant-l-yl)-l,4-dihydro-2-quinazolone is formed,
which exhibits anti-inflammatory activity.124

,CH2NHAd

(COC1)2
PhMe

refluxing, 1 b

197

The derivative of barbituric acid 198 has been synthesised in
7% yield by the condensation of (adamant-l-yl)cyanogen amide
with cyclo butane-1,1-dicarbonyl dichloridein anhydrous dioxane
followed by treatment with water.76

AdNHCN +
CC1

CC1
II
o

Dioxane

55°C,2h'

CL Cl

Ad—: —H
H2O

Ad— —H

The amidine 199 reacts with the ortho ester MeC(OMe)3 to
give the tricyclic compound 200 (yield 60%).125

N = C N H 2

+ MeC(OMe)3 refluxing, 4 h

200

Treatment of adamant- 1-yl aminomethyl ketone hydrobro-
mide with aqueous ammonia in the presence of hydrogen peroxide
leads to 2,5-di(adamant-l-yl)pyrimidine in 30.5% yield.66

AdCCH2NH2HBr + NH3
H2O,
20°C,24h

Ad
• N

-Ad

Several other approaches to the synthesis of pyrimidme
derivatives containing an adamantane nucleus have been devel-
oped. Cyclocondensation of the ester 201 with urea or thiourea in
the presence of sodium ethoxide gives rise to 6-(adamant-l-
yl)uracil (202, X = O) (yield 21.5%) or 6-(adamant-l-yl)thio-
uracil (202, X = S) (yield 60.3%). The latter compound is
converted into 6-(adamant-l-yl)-2,4-disulfanylpyrimidme by the
action of phosphorus pentasulfide and also into 4-amino-6-
(adamant-l-yl)-2-sulfanylpyrimidine (yield 60.5%) by heating
with aqueous ammonia.126

o o
AdCCH2COEt

201

X
II

H2NCNH2
EtOH, EtONa
refluxing, 24 h

X = O, S.
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202 (X = S)
P2S5

185-195 °C, 5 h

NH3,H2O

110°C,24h'

6-(Adamant-l-yl)cytosine 203 was obtained in 33% yield by
the condensation of the nitrile 204 with urea in the presence of
sodium ethoxide.126

Ad

I
Pr iCH2OC=CHCN

O
II

H2NCNH2

204

EtONa, EtOH
120 °C, 16 h l

NH2

203

Czech researchersI27 studied the condensation of compounds
of the general formula R'OOCC(R2)(Ad)COR3 with urea,
thiourea, and guanidine. The interaction of compounds 205 with
thiourea in the presence of sodium ethoxide and sodium hydride
gives the thiouracil derivatives 206 in 27% - 6 8 % yield.

COOEt

AdCHCR1 +

205 O

HS

H;iNCNHj
EtONa, NaH, EtOH
refluxing, 7-8 h

OH

206

R1 = H, R2 = H; R1 = OEt, R2 = OH; R1 = Me, R2 = Me.

The reaction of the oxoester 205 (R1 = Et) with guanidine
hydrochloride in the presence of sodium ethoxide affords the
cytosine derivative 207 (yield 41%), which is converted into
5-(adamant-l-yl)-2,4-diamino-6-ethylpyrimidine by successive
treatment with phosphorus oxychloride and phosphorus pen-
tachloride and then with an alcoholic solution of ammonia.

COOEt NH

AdCHCEt + H2NCNH2HC1

O

EtONa, EtOH
refluxing, 5 h

i .poa 3 , pc i 5

2.NH3,EtOH

NH2

'IX
Et

The resulting compound is a 30-fold more effective inhibitor of the
growth of mammary carcinoma cells than the compound 206.128

The low-toxicity biologically active compounds 208 have been
synthesised in yields of more than 80% by the cyclocondensation
of bis-esters 209 with urea or with thiourea in the presence of
sodium methoxide.129

COOMe X

AdC—R + H2NCNH2

COOMe

209

MeONa, MeOH
refluxing, 7 h

208

X = O, S; R = H, Me, Et, CH2CH = CH2.

Adamantane-1-carboximidamide hydrochloride reacts with
ethyl malonate or with ethyl cyanoacetate in the presence of
sodium ethoxide to give 2-(adamant-l-yl)-6-hydroxypyrimidine
and 2-(adamant-l-yl)-6-aminopyrimidine, respectively.130

O.NH

AdC •HC1 + R'CH2COEt
NH2

EtONa, EtOH
refluxing, 2 h

N

'Ad

R1 = COOEt, R2 = OH; R1 = CN, R2 = NH 2 .

The pyrimidine derivatives 210 (R1 = OH, NH2, R2 = OH,
R3 = H, R4 = Ad) inhibit liver folate-reductase and exert a
cytostatic effect on tumour cells,131 whereas the compound 210
(R1 = R2 = NH2, R3 = Ad, R4 = Me) has been recommended as
an antitumour preparation.132

R2

R3

210

The oxidation of adamant- 1-yl aminomethyl ketone hydro-
bromide with hydrogen peroxide gives 2,5-di(adamant-l-yl)-
pyrazdne in 30.5% yield.66

1,2-Diaminobenzene reacts with (adamant- l-yl)glyoxal on
heating in alcohol in the presence of acetic acid affording
2-(adamant-l-yl)quinoxaline in 35% yield.60

O
II /

AdCC
N

AcOH(l drop), EtOH

refluxing, 4 days

The imidazopyrazine derivatives 211 have been obtained by
the condensation of diethyl acetals 212 with 2-amino-3-benzyl-5-
(4-hydroxyphenyl)pyrazine or with 3-(adamant-l-ylmethyl)-2-
amino-5-(4-hydroxyphenyl)pyrazine in the presence of dilute
hydrochloric acid.133

+ B
212

/
NH2

HC1(H2O),
dioxane

100-110 °C

CH2R2
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HO'

R1

Ad
4-HOQH4

K
R2

Ph
Ad

J i CH2R=

211

Yield of 211 (%)

44
63

o

32
|

H

refluxing, 24 h

O o

Ada,AlCl3,CHCl3

20 °C, 12 h *"

o
4-(4-Methylpiperazm-1 -yl)methylprotoadamantan-4-ol is

converted into the salt 213 (yield 40%) on treatment with hydro-
gen bromide, whereas its reaction with sulfuric acid and hydrogen
chloride affords the salt 214 (yield 80%).134

CH2N NMe

SiMe3

32

Ad

9%

refluxing, 8 h

H
Q Q

AdCl,Aia3,CHCl3

20 °C, 72 h "

SiMe3

HBr.AcOH

20°C,24h

l.H2SO4(H2O)
100°C,2h,dioxane

2. NaOH(H2O)
3. HC1 (g)

Ad

61%

NMe-2HBr NH 32

refluxing, S h

H

N

NMe-HCl -45 °C, 15min

SiMe3 50%

Heating of (adamant- l-yl)acetic acid and (3-hydroxyada- On heating in xylene, the azides 216 cyclise with the elimina-
mant-l-yl)acetic acid with diamines H2NCH2CR2CH2NH2 leads tion of nitrogen giving 3-R-6-(adamant-l-yl)-l,2,4-triazines in
to tetrahydropyrimidine derivatives 215 (yields 30% -59%).5 8 58%-73% yields.135

CH2COH + H2NCH2CCH2NH2

CH2N3 O

AdC=NNHCR

180 °C, l -2h
216

Xylene
refluxing

CH=NH

AdC O
II II
NNHCR

Ad

215

X = H, OH; R = H, Me.

Several methods have been developed for the preparation of
1,2,4-triazine derivatives containing the adamantyl nucleus.
Japanese researchers 37 have synthesised these compounds in two
stages. The first stage involves the reaction of triazine with
disilazane 32 giving the trimethylsilyl derivative, which is then
made to react with chloroadamantane in the presence of alumin-
ium chloride.

R = Me,Ph,Ad.

The reaction of ammonia with the diazonium salt 217 formed
upon diazotisation of the (adamant-l-yl)amide of anthranilic
acid gave 3-(adamant-l-yl)-3,4-dihydro-l,2,3-benzotriazin-4-
o n e 136,137

217
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Only one example138 of the synthesis of a 1,2,4,5-tetrazine
derivative has been reported. 2-(Adamant-l-yl)-l,3,5-triphenyl-
l,2,5,6-tetrahydro-l,2,4,5-tetrazine 218 was obtained by the
reaction of adamant-1-yl tosylate with 1,3,5-triphenylverdazyl.138

AdOTs +
Ji.

Ph'

Ph

MeCN,H2O

Ph

Ph'

O T s -

218

5. Compounds with seven-membered heterocycles
The preparation of iV-(adamant-l-yl)caprolactam hydrochloride
has been described in a patent.29 The authors noted that this
compound exhibits an anti-inflammatory activity, stimulates the
central nervous system, reduces the cholesterol level, and
decreases appetite.

The oxazaridine derivative 219 isomerises on heating above
200 °C into JV-(adamant-l-ylmethyl)caprolactam in 70% yield.139

AdCH2N-

219
200-220 °C

AdCH2N

The reaction of 1-bromomethyladamantane with 7-chloro-
l,4-benzodiazepin-2-one in the presence of sodium hydride leads
to the iV-alkylation product 220 in 30% yield.140

+ AdCH2Br
DMF, PhH, NaH

A,2h *

ID. Adamantane derivatives containing
heterocyclic nuclei with oxygen atoms
1. Compounds with three-membered and four-membered
heterocycles
The ketones 221 of the adamantane series enter into the reaction
with oxodimethylsulfonium methylide (which is obtained by
treating trimethyloxosulfonium iodide with potassium hydrox-
ide), which affords the oxirane derivatives 222 in 88% and 83%
yields.141

O
KOH, P^OH

Ad(CH2)nCMe

2 2 1

Me3S(O)I

A
refluxing, 2 h

Ad(CH2)n— C—CH2

222 Me

2-(Adamant-l-yl)oxirane has been synthesised in 86% yield in
two stages, namely, by the reaction of the ketone 41 with sodium
tetrahydroborate in an alkaline medium and the subsequent
treatment with aqueous sodium hydroxide.142

O

AdCCH2Br
41

1. NaBHL,, NaOH, H2O, P^OH,
20-25 °C, 3 h, 60-70 °C, 0.5 h

2. NaOH, H20,35-40 °C, 1 h

O

AdHC—CH2

The same workers142 studied the transformations of the
obtained oxirane in reactions with nucleophilic and electrophilic
reagents.

AdHC—CH2 — -

OH

AdCHCH2O(CH2)2NMe2

(65%)
OH

AdCHCH2Br
(87%)

OH

AdCHCH2N3

(78%)

S
/ \

AdHC—CH2

(28%)

refluxing, 0.5 h

HBr(48%),EtOH
refluxing, 3.5 h

NaNj.AlCh.PrOH
refluxing, 1.5 h

S
H2NCNH2,PriOH

refluxing, 0.5 h

1-Acetyl-l-methyloxirane adds to the imine AdCH = NMe in
the presence of boron trifluoride etherate to give unstable amino-
ketone 223; the latter eliminates methylamine under the reaction
conditions and is thus converted into the unsaturated compound
224.143

AdCH=NMe + MeC—'

NHMe

-CH2

BF3EbO,PriOH

20-25 °C

NH M e / ° \
AdCHCH2C—C CH2

O 223
-MeNH2

O Me O.
II \/ \

—*- AdCH=CHC—C CH2

224

The methods for the synthesis of oxiranes containing an
adamantane nucleus have been analysed.144 These methods
include the epoxidation of unsaturated compounds of the ada-
mantane series and transformation of adamantyl-containing
ketones. The introduction of an adamantyl fragment into epoxy-
polymers was shown to increase their thermal stability and to
improve technological characteristics of compositions based on
them.

To the best of our knowledge, only one study devoted to the
synthesis of adamantane derivatives containing four-membered
heterocycles with oxygen atoms has been published.36 It presents
the preparation of 2-(adamant-l-yl)-2-phenyloxetan-4-one from
the hydroxy acid 225 under the action of thionyl chloride and
pyrrolidine (yield 95%).

n = 0,1.
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OH OOH

AdCCH

Ph

COH

Ph 225

1. SOCfe, C5H5N, refluxing, 0.5 h

2. HN J , Et2O, refluxing, 15 min

2. Compounds with five-membered heterocycles
4-(Adamant-l-yl)pentane-l,4-diol undergoes intramolecular
dehydration in the presence of potassium hydrogen sulfate,
which affords 2-(adamant-l-yl)-2-methyltetrahydrofuran.145

OH

AdC(CH2)3OH

Me

When 3-(adamantoyl)acrylic acid is exposed to sunlight, it
cyclises giving compound 226 in 85.5% yield; the hydroxy-group
in the latter is substituted by a chlorine atom under the action of
phosphorus pentachloride (yield 39.5%).146

o o
II II

AdCCH=CHCOH

O -

c
1 Nl ?^

X—C=CHC—O-^-H

PCI5
refluxing, 0.5 h

226

The derivatives of furanone 227 have been synthesised by
heating ethyl 2-adamantoyl-2-haloacrylates with hydrohalic acids
(yields 84% and 98%).147

O

AdCC=CHCOEt

X

HX(H2O),AcOH
refluxing, l -2h

228

5H

Ad—

X = Cl, Br.

3,6,9-Tri(adamant-1 -yl)-1 -oxaspiro[4.4]nona-3,6,8-trien-2-one
228 is formed when 1-ethynyladamantane is heated with cobalt
carbonyl in light petroleum in a flow of carbon monoxide.148

A d C - C H
refluxing, 18 h

The diene 43, on heating in benzene, enters into diene
condensation with maleic anhydride, which leads to the adduct
229 in 70% yield.47

Ad CH2

CH2

43

PhH
refluxing, 0.5 b

A mixture of adamant- 1-ylcarbonyl derivatives of 2,3-dihy-
drofuran-2-one 230 and 2,3-dihydrofuran-3-one 231 has been
synthesised by heating in benzene for 2 h the triketones 90,
which are formed from the diazoketone 86 and dihydrofuran-
diones 91. The compounds 230 and 231 can also be obtained
without isolation of the triketones 90, by refluxing a mixture of
dihydrofurandiones 91 and the diazoketone 86 in benzene for
3h.«8

O

4-RC6H4 O
91

AdCCHN2

86

ecu

0 0 0

II II II
AdCCN2CCH2CCsH5R-4

90

CAd

refluxing, 1 —1.5 h

PhH
refluxing, 2 h

4-RC6H,-^\^/5s:O

230
4~

0 II
231 O

CAd

R

H
Me
OMe
Br

Yields (%)

230

38
71
47
14

231

7
10
6
9

The reaction of 5-phenyl-2,3-dihydrofuran-2,3-dione with the
diazoketones 92 has been described in a patent.149 This reaction
yields one, two or three compounds depending on the nature of the
substituent X in the diazoketone: for X = Br, three compounds
232-234 are formed, whereas for X = H, two compounds 233
and 234 have been isolated. When X = ONO2, the reaction yields
only compound 232.

234

X = H,Br,ONO2.
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The hydrogen atom in the 5-position of 2-acetylfuran is
substituted by an adamantyl radical in the reaction with ada-
mant-1-yl nitrate in the presence of sulfuric acid even at —15 CC;
the yield of 5-(adamant-l-yl)-2-acetylfuran is 32%.150

AdONOz + MeC MeC

Homolytic i/tfo-substitution in 2-acyl-S-nitrofurans 235 has
been studied.151 The reaction of furan derivatives 235 with the Ad*
radical [generated from AdCOOH in the presence of (NH4)2S2Og
and AgNCb103] results in a mixture of three compounds: 2-acyl-5-
(adamant-l-yl)furans 236, 2-acyl-2-(adamant-l-yl)-2,5-dihydro-
furan-5-ones 237, and 2-acyl-2-(adamant-l-yl)-5,5-dmitro-2,5-
dihydrofurans 238. The authors151 presented the following
scheme for these transformations: the reaction of the compounds
235 with the Ad' radical affords pairs of more complex radicals
239 and 240. The radicals 239 eliminate NO 2 to give compounds
236. The transformation of the radicals 240 can follow two
pathways: it involves either the loss of NO"> resulting in the
formation of the compound 237 or, conversely, the addition of
NO'2 leading to the compound 238.

Ad

R

H

A ' VOJN-^QX^

240

Yields (%)

236 237

35 25
OMe 31.5 32

CR

Ad

238

15
10

238

When 2-(trimethylsilyl)furan reacts with the chloride AdCOCl
in the presence of zinc chloride, the trimethylsilyl group is
substituted by the adamant-1-ylcarbonyl group giving adamant-
1-yl 2-furyl ketone in 61% yield.152

The cyclocondensation of the diketone 241 in the presence of
concentrated sulfuric acid affords 2,5-di(adamant-l-yl)furan in
84% yield.42

o o
II II

AdCCH2CH2CAd241
20 °C, 15 h

Ad^S_/~-A

Amixture of diastereomers of 4,5-di(adamant-l-yl)-2-ethoxy-
1,3-dioxolane 242 has been obtained by heating the meso-diol 243
with the ortho ester HC(OEt)3 in the presence of benzoic acid.153

HO H H OH
\ / \ /

Ad—C C—Ad
243

AdHC—CHAd

HC(OEt)3,PhCOOH

>Et 242

When the dioxolane 242 is heated in benzoic acid at 200 °C,
stereoselective ay-elimination occurs to give cis-l,2-di(adamant-
l-yl)ethene in 90% yield.1S3

AdHC—CHAd

N C H

OEt 242

PhCOOH

Ad

H H

\
Ad

3. Compounds with six-membered heterocycles
The diene 43 in boiling toluene undergoes [4 + 2]-cycloaddition
with the oxo-group of the diethyl ester of mesoxalic acid; the
reaction affords the adduct 244 in an almost quantitative yield.47

O O O
I! II II

EtOC—C—COEt

PfaMe

CH2

refluxing, 39 h

43

244

The electron density distribution in the a,P-unsaturated
ketones 245 and in the vinyl ethers 246 is favourable for them to
enter into [4 + 2]-cycloaddition. By heating these compounds at
180-185 °C in sealed tubes, the dihydropyran derivatives 247
were synthesised in 50%-88% yields.154

R3

Tube, hydroquinone ̂
180-185 °C, 6-15li

246

OEt

R1

H
H
AdCH2

H

K2

H
H
H
Ad

R3

Ad
AdCH2

H
H
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When the dihydropyrans 247 are treated with dilute hydro-
chloric acid at 20 °C, the heterocyclic ring is cleaved and the
1,5-dicarbonyl compounds 248 are obtained in 84%-92%
yields.154

247
HC1(H2O)
20 °C, 2 h'

,OO R'R3

II I I //
R^CHzCHCHC

248 H

The tertiary alcohol, 2-(adamant-l-yl)propan-2-ol, reacts
with perchloric acid and carboxanhydrides to give 2,6-dialkyl-4-
(adamant-l-yl)pyrilium perchlorates 249.155

Me

Ad—C—OH + (RCO)2O
 H C l a > »

Me

R = Me, Et, Pr.

2,6-Di(adamant-l-yl)pyrilium perchlorate is formed in 22%
yield in the condensation of 1-acetyladamantane with ethyl
orthoformate in the presence of sulfuric acid followed by the
treatment of the reaction product with perchloric acid.155

249

O
II

2AdCMe CH(OEt)3

1. H2SO4

2. HCKX,

Ad
CIO4

A d

A series of adamantyl-contaming heterocyclic compounds 250
with two oxygen atoms in the heterocyclic ring have been
synthesised by the condensation of the ketones 251 with
5-phenyl-2,3-dihydrofuran-2,3-dione, their yields ranging from
29% to 78%.156

refluxing, 2-3 h

250

R1 = Br: R2 = Br, NO2; R1 = NO2: R2 = ONO2;
R1 = Ph: R2 = ONO2; R1 = ONO2: R2 = Br;

O

R1 = H: R2 = H, Cl, Br, ONO2, OSOH2C Ad

o 0*0

Ad—C -CH2 + H2NCNH2

IVOH
refluxing, 0.5 h

Me

Ad— CH2

In the only study,157 which reports synthesis of a compound of
the adamantane series containing a four-membered heterocycle
with a sulfur atom in the heterocyclic ring, two procedures have
been proposed for the transformation of a five-membered ring
into a four-membered ring. The cyclic sulfone 252 is converted
into the epoxide 253 by reaction with 3-chloroperbenzoic acid in
the presence of sodium carbonate; on treatment with boron
trifluoride etherate the compound 253 isomerises into the thiete
dioxide derivative 254. Interestingly, the compound 254 is also
formed in 78% yield in the reaction of the initial sulfone 252 with
3-chloroperbenzoic acid in the absence of water. This result was
explained157 by the fact that the peracid catalyses the isomerisa-
tion of the epoxide 253 formed into the thiete dioxide 254.

Ad

2. Compounds with five-membered heterocycles
In the presence of tin(H) chloride, thiophene reacts with
1-bromoadamantane to give two adamantylation products,
namely, 2-(adamant-l-yl)thiophene (yield 52%) and 3-(ada-
mant-l-yl)thiophene (yield 7%). On treatment with hydrogen
over W-7 Raney nickel, the resulting adamantylthiophenes are
desulfurised and converted into 1-(adamant-l-yl)butane (yield
80%) and 2-(adamant-l-yl)butane (yield 85%).158

AdBr + SnCl2

refluxing, 2 h

Ad(CH2)3Me

Ad

MeCHCH2Me

IV. Adamantane derivatives containing
heterocyclic nuclei with sulfur atoms
1. Compounds with three-membered and four-membered
heterocycles
2-(Adamant-l-yl)-2-methylthiirane is formed in 28% yield on
refluxing a mixture of 2-(adamant-l-yl)-2-methyloxirane and
thiourea in isopropyl alcohol.142

Substitution reactions in 2-(adamant-l-yl)thiophene have
been studied. A series of thiophene derivatives containing an
adamantyl radical in the 2-position and various substituents in the
5-position were thus obtained.159
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BuLi,C02,Et20
refluxing, 15 min Ad

DMF,POC13

(70%)

120 °C, 1 h

AC2O,HC1O4

(80%)

20 °C, 1 h

O,PhNO2,AlCl3

CMe

(70%)

0"C,4h

HNO3(conc),
AcOH,Ac2O

. Ad-"\,/~-C(CH2)2COH

(94%)

20 °C, 12 h -»-Ad N02

(68%)

All the above compounds are desulfurised in the presence of
the W-7 catalyst in alcohol or in dioxane giving the corresponding
adamantane derivatives containing no heterocyclic rings.159

Ad H2,Ni, EtOH, or dioxane
refluxing, 2.5-4 h

R1 R2 Yield (%)

COOH
CHO
COMe

COOH
CH2OH
CH(OH)Me

66
60
75

CO(CH2)2COOH CH(CH2)2CO + CO(CH2)2COOH 75 (total)
NO2 NH 2 70

Two compounds, 3-(2-thienyl)adamantane-l-carboxylic acid
and 3-(3-thienyl)adamantane-l-carboxylic acid have been
obtained in a ratio of 2:1 in 47% overall yield by the reaction of
3-bromoadamantane-l-carboxylic acid with thiophene in the
presence of tin(rv) chloride.160

COOH

SnCU

In the presence of concentrated sulfuric acid, adamant-1-yl
nitrate reacts with thiophene derivatives containing electron-
withdrawing substituents in the 2-position to give compounds
255 (yields 41% and 44%).1S0

AdONO2
H2SO«

- 1 5 t o - 1 0 °C
255

= NO2 )COOH.

By means of adamantan-1-ol, the adamantyl radical has been
introduced into the 2,2'-dithienyl derivatives 256.161

H2SO4

256

R1

R2

R1 = H, R2 = COMe, CHO, COOH; R1 = NO2, R2 = H.

It is of interest that even at 20 °C, 2-(trimethylsilyl)thiophene
reacts with chloroadamantane 34 to give 2,5-di(adamant-l-yl)-
thiophene (yield 65%).37

AdCl
34

SnCU.CH^b
20 °C, 3 h

Ad'
n

Ad

Cogolli et al.162>163 have studied homolytic i]p5o-substitution
in the series of thiophene nitro-derivatives under the action of the
Ad' radical (generated from AdCOOH103). The workers162

described the interaction of the Ad" radical with derivatives of
2-nitrothiophene, containing electron-withdrawing substituents
in various positions of the thiophene ring; compounds 257 were
thus prepared (yields 43% - 55%).

AdCOOH
, AgNO3, H2O

MeCN, refluxing, 20 min

257

R1 R2 R3

H H SO2Ph
H H CHO
H NO2 COOMe
NO2 H COOMe

The reaction of Ad' with 5-methoxycarbonyl-3-nitrothio-
phene afforded 2-(adamant-l-yl)-5-methoxycarbonyl-3-nitro-
thiophene in 50% yield,162 whereas the interaction of this radical
with 5-(methoxycarbonyl)-2-nitrothiophene gave two com-
pounds: the normal product of ipso-substitution 258 (yield 55%)
and the 'unusual' product 259 (yield 8%). A scheme was suggested
to explain these results (Scheme I).163
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Ad*

Ad" O2N
rv

COMe

O2N

O
II
COMe

Ad

Scheme 1

ON

A more complex picture has been observed in a study of the
reactions of the Ad" radical with thiophene derivatives containing
formyl, acetyl, or methoxycarbonyl group in various positions of
the thiophene ring.163 For example, three compounds were
detected among the products of the reaction of the Ad' radical
with 2,5-diformylthiophene, namely, compound 260 (yield 19%),
261 (yield 10%), and 262 (yield 56%), whereas the reaction of
2,4-diformylthiophene with the Ad' radical gave only compound
262 (yield 60%).163

OHC
r\ Ad*

CHO

260

Ad CHO

261 262

The reaction of 2,5-diacetylthiophene with the Ad' radical
leads to two compounds, 2-acetyl-5-(adamant-l-yl)thiophene 263
(yield 33%) and 2,5-diacetyl-3-(adamant-l-yl)thiophene (yield
16%).163

MeCXc/'CMe
Ad

MeC^Xo/^Ad Mi
rv o

~CMe

263

2,5-Di(methoxycarbonyl)thiophene reacts with the Ad' radi-
cal to give 3-(adamant-l-yl)-2,5-di(methoxycarbonyl)thiophene
(yield 25%).163

The interaction of the Ad' radical with 2-acetyl-5-formyl-
thiophene is the most complex: four compounds have been
isolated and identified among the reaction products, namely,
compound 260 (yield 10%), 263 (yield 17%), 2-acetyl-4-(ada-
mant-l-yl)-5-formylthiophene (yield 11%), and 2-acetyl-5-(ada-
mant-l-yl)-4-formylthiophene 264 (yield 13%),163

Ad*
260 + 263 +

CHO

264

whereas the reaction of 2-acetyl-4-formylthiophene with the Ad'
radical gave the compound 264 as the only product (yield 56%).163

The formation of the 'unusual' products 262 and 264 in the
reactions of the Ad' radical with the derivatives of 2-formyl-
thiophene was explained163 by assuming a scheme that includes
the 1,2-shift of the formyl group.

O

262

R = Me
*- 264

The cyclocondensation of the aldehyde 94 (R = H) with
thioglycolic acid 265 carried out in boiling alcohol in the presence
of triethylamine over a period of 5 h gives 5-(adamant-l-
yl)thiophene-2-carboxylic acid 266 (yield 4.5%) and 2-(adamant-
l-yl)thiophene (yield 34%). The latter is obviously formed via
decarboxylation of the acid 266 under the reaction conditions.164

By conducting this reaction in DMF in an argon flow, the yields of
the products can be substantially increased: the acid 266 is formed
in 24.6% yield and adamantylthiophene is obtained in 53.4%
yield.165

O
II

94 (R = H) + HSCH2COH

265

DMF, Et3N, argon
70-80 °C, 4 h

d^Xg/^-C

266

The condensation of the aldehyde 94 (R = H) with thiogly-
colic acid anilide in DMF in the presence of triethylamine at 60 °C
for 3.5 h led to the anilide of the acid 266 (yield 45.5%).165

When the aldehyde 94 (R = Me) has been made to react with
the acid 265, only the decarboxylation product, 2-(adamant-l-yl)-
3-methylthiophene, has been isolated in 43% yield. Ethyl 5-
(adamant-l-yl)-4-methylthiophene-2-carboxylate 267 was syn-
thesised in 71% yield from the aldehyde 94 (R = Me) and ethyl
thioglycolate.71

Me

265, DMF, Et3N

94 (R = Me)

70 °C, 3.5 h

HSCH2COOEt, Et3N, EtOH
refluxing, 2 h

Me

d^X^/^COE

267
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The reaction of 3-(adamant-l-yl)-3-chloroacrylonitrile with
ethyl thioglycolate gives the aminoester 268 (yield 40%); heating
of the latter with formamide in the presence of sodium ethoxide
leads to 6-(adamant-l-yl)thieno[2.3-e]pyrimidin-4-one 269 (yield
86.5%).70

Cl O

AdC=CHCN + HSCH2COEt
EtONa, EtOH

20 °C, 1 h

NH2

HC0NH2

refluxing, 2 h

O

Treatment of 2-(trimethylsilyl)thiophene with AdCOCl in the
presence of zinc chloride leads to the substitution of the MejSi
group by the AdCO group; the reaction affords 2-(adamant-l-
ylcarbonyl)thiophene in 82% yield.152

In 1990, an interesting study was published,123 which was
devoted to the synthesis and some transformations of 3,4-di-
(adamant-l-yl)thiophene 1,1-dioxide 196. The dioxo sulfide 270
was reduced to the diol 271 (yield 34%), which on heating with
toluene-/>-sulfonic acid is converted to 3,4-di(adamant-l-
yl)thiophene (yield 60%). The latter is oxidised with 3-chloro-
perbenzoic acid to the cyclic sulfone 196 in 75% yield.123

O

AdCCH2SCH;

270

[2CAd
TJCU/Zn, THF
- l g ° C , 9 h

HO OH

^ TAd 4-MeCtH4SO3H,PhH
refluxing, 0.5 h

271

Ad Ad o
3-ClC«H4COOH,CH2a2

20 °C

Ad Ad

SO

196

The diene condensation of the sulfone 196 with phenyl vinyl
sulfone gives adduct 272, which decomposes under the reaction
conditions into sulfur dioxide, phenylsulfinic acid, and
l,2-di(adamant-l-yl)benzene (yield 92%).123

196

A d " ^
-A

T
SO2Ph.

refluxing, 24 h

-SO2, -PhSOrf

Ad

i
Ad

272

The cycloaddition of the sulfone 196 to the dimethyl ethyne-
dicarboxylate also affords an unstable adduct, compound 273,
which loses sulfur dioxide under the reaction conditions and is
converted into dimethyl 4,5-di(adamant-l-yl)phthalate 274 in
90% yield.123

196

O O

II II
MeOCCssCCOMe

1,2-CI;C6H»
refluxing, 7 h

-SO 2

Ad

Ad

273 274

O
II
COMe

COMe
II
O

A more complex situation is observed when the sulfone 196
reacts with an excess of 4-phenyl-l,2,4-triazoline-3,5-dione. The
adduct 275 of the composition 1:1 is formed initially; it reacts
further with one more triazolinedione molecule giving the adduct
195 of the composition 1:2 (yield 71%). Treatment of the latter
with potassium hydroxide in methanol gives the bicyclic com-
pound 276 (yield 82%), which is transformed during storage in air
into 4,5-di(adamant-l-yl)pyridazine in 82% yield.123

O

196 —Ph
PhMe

Ad

Ad

275

refluxing, -SO 2

0

NPh

O

ii N-Ph

O

W^O

N - N

KOH, MeOH

195 O

O2(air)
Ad

Ad

276

3,4-Di(adamant-l-yl)thiophene in a solution in carbon di-
sulfide in the presence of aluminium chloride is converted into
2,4-di(adamant-l-yl)thiophene in quantitative yield over a period
of6daysat20°C.1 2 3

3. Compounds with six-membered and larger heterocycles
Two methods for the synthesis of 2-(adamant-l-yl)hexahydro-l,3-
dithiane 277 have been reported. One of these methods involves
cyclocondensation of adamantane-1-carboxylic acid with 1,3-
disulfanylpropane in the presence of tin(n) chloride and the
complex Me2S • BH3, and the other method involves the reaction
of the same acid with the complex 278 [obtained preliminarily
from HS(CH2)3SH and Me2S-BH3] in the presence of tin(n)
chloride (yield 80%).166
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II
AdCOH +

V
Me2S S

278

HS(CH2)3SH

J
Sna2)THF>Me2S

20°C,6h

AdCOOH,SnCU,

BH3

THF

277

The heterocyclic compounds 279 (yield 34%), 280 (yield
17%), and 281 (yield 3%) containing several adamantane frag-
ments and several sulfur atoms have been synthesised by heating
l,3-bis(2-bromoethyl)adamantane with thioacetamide in the
presence of potassium hydroxide.167

CH2CH2Br

CH2CH2Br

s
II

MeCNH2

KOH,H2O,EtOH,PhH
20 °C, 20 h, refilling, 4 h

R'N=C'
R2

\ 3 20°C,2h
R3

R1 R2 R3

Ad Ph H
Ad Furyl-2 H
AdCH2 Ph H
AdCH2 - ( C H 2 ) 5 -

The oxaziridine containing no substituents at the carbon atom
was obtained in 29% yield by the oxidation of the product of
condensation of the amine 7 with formaldehyde.139

AdNH2

7

3CH2O

O

AdN—CH 2

CH2O

AdN CH2

X C H 2 O /

AcOOH

;CH2)2S(CH2)2

;CH2)2S(CH2)2

279

281

V. Adamantane derivatives containing heterocyclic
nuclei with nitrogen and oxygen atoms
1. Compounds with three-membered heterocycles
Epoxydation of Schiffs bases is a general method for the
preparation of oxaziridine derivatives. The Schiffs bases 282
have been converted into the oxaziridines 283 (yield 44% -75%)
by treating them with hydrogen peroxide in acetic anhydride in the
presence of sulfuric acid.168

A d N = C R ' R 2

282

H2O2 (87%), H2SO4, Ac2O, CH2a2

20°C,24h *

/ \ R"
—f AdN—C^

283 R2

R1 = H: R2 - H, Ph; R1 = cyclo-C6Hn , R2 = Me;
Rl + R2 = _ ( C H 2 ) 5 - .

Oxaziridine derivatives have been synthesised by the oxidation
of Schiffs bases with peracetic acid; the yields of the oxidation
products varied from 47% to 56%.31>139

The adamantyloxaziridines 283 are fairly thermally stable
compounds. However, at temperatures above 200 °C they iso-
merise to give the nitrones 284 or amides 285.139

A R2 t
~y AdN=CHR3 or R'R3NCR2

285 O

R1

Ad

Ad

Ad
AdCH2

AdCH2

R2

H

H

\ 3 200-220 °C

R3

Ph

Q
\

H H
H Ph
- ( C H 2 ) 5 -

Product

284

284

285
285
285

284

Yield (%)

63

63

91
53
70

The oxaziridines 286 isomerise in the presence of iron(ll)
sulfate at room temperature to the amides 287 in 70%-76%
yields.139

A /R2

—C
286 H

FeSO4-7H2O,MeOH
20°C,2h *

O

R1NHCR2

287

R1 = Ad, R2 = Ph, furyl-2; R1 = AdCH2, R2 = Ph; R3 = Alk.

No compounds containing the adamantyl radical linked
directly to the oxazetidine ring have been reported in the
literature.

2. Compounds with five-membered heterocycles
When 1 -adamant- 1-ylcarbonylaziridine is heated with sodium
iodide in acetone, it isomerises to 2-(adamant-l-yl)oxazoline
(yield 43%).60

O
II

AdC
Nal, MezCO
refluxing, 26 h

2-(Adamant-lyl)oxazoline has been synthesised by the con-
densation of the methyl iminoester of adamantane- 1-carboxylic
acid with ethanolamine (yield 93%), whereas the reaction of the
hydrochloride of the same iminoester with 2-aminophenol gives
2-(adamant-l-yl)benzoxazole (yield 76%).55
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NH

OMe
HOCH2CH 2NH2

^
Ad

NHHC1 NH2

AdC
\

OMe

MeOH
refluxing, 1 h

1,3-Di(benzoxazol-5-yl)adamantane 289 has been obtained by
the reduction of the adamantane derivative 288 containing the
methyl 2-nitrobenzoate residues in the 1- and 3-positions.169

II [H]
COMe '

•N

289

A two-stage procedure proposed for the introduction of
adamantyl radical to the nitrogen atoms of 5-methylisoxazolin-
3-one or 3-methylisoxazolin-5-one involves JV-silylation of hetero-
cyclic compounds with disilazane 32 and the subsequent treatment
of the resulting silylated products 290 or 291 in situ with
1-chloroadamantane in the presence of aluminium chloride.37

O

Me
+ 32

Me

r.—V

Me3SiCI,Et2O
refluxing, 5 h

Ada,AlCl3,CHa3

*

290

+ 32

Me O'
(77%)

MeCN

Me

Me3SiNs

refluxing, 12 h

AdCl,Aia3,CHCl3
20 °C, 0.5 h "

Me

Ad
291 (64%)

One of the most general methods for the synthesis of isoxazo-
line and isoxazole derivatives involves the 1,3-dipolar cycloaddi-
tion of carbonitrile iV-oxides to alkenes and alkynes. In 1972,
Italian investigators170 described for the first time the preparation
of the iV-oxide of adamantane-1-carbonitrile 292 and carried out
the 1,3-dipolar cycloaddition of the nitrile 292 to styrene and

phenylethyne. The corresponding adducts were obtained in 89%
and 69% yields.

PhCH=CH2

AdC=N-~O —
292

20°C,12h

PhC=CH

If

20°C,12h

AdN

N.

Ad

N.

Ph

An alternative approach to the synthesis of isoxazolines and
isoxazoles containing an adamantyl substituent involves 1,3-
dipolar cycloaddition of JV-oxides of nitriles of aliphatic or
aromatic carboxylic acids to unsaturated adamantane deriva-
tives. Carbonitrile N-oxides used in situ in these reactions are
obtained either by treating hydroxamoyl chlorides with bases or
by thermolysis.

The isoxazoline derivatives 293 have been obtained in
63%-98% yields from alkenes 294 of the adamantane series and
the aromatic and heterocyclic carboxylic acid nitrile iV-oxides 295
prepared from the corresponding hydroxamoyl chlorides by
treating them with triethylamine.171-172

R'C=.NOH
Et3N, Et2O

20°C,2-3h

[R'CSN—O]
295

Ad(CH2)»C(R2)=CH2 (294)

n = 0 ,1; R1 4,3-O2NC<iH4,4-O2NCsH4,
5-nitrofuryl-2; R2 = H, Me.

The reaction of 1-ethynyladamantane with nitrile JV-oxides
295 under similar conditions gives isoxazole derivatives 296 in
68%-95% yields.171-172

(RC=N—O) + AdCsCH

295

Et2O
20°C,2-3h N.n Ad

296

R = Ph, 4-MeOC«H4,3-NO2C«H4,4-NO2C6H4,5-nitrofuryl-2.

The use of the above procedure permits the preparation of
isoxazoline and isoxazole derivatives from unsaturated adaman-
tane derivatives and aliphatic carbonitrile iV-oxides, their yields
ranging from 20 to 40%. The researchers found conditions under
which the yields of isoxazolines and isoxazoles increased to
65%.172

The isoxazolines 297 and isoxazoles 298 were synthesised in
50-65% yields by the reaction of pyruvonitrile JV-oxide (299,
R = MeCO) or hydroxyiminoacetonitrile JV-oxide (299,
R = HON=CH) with alkenes 300 or with 1-ethynyladaman-
tane, respectively.171
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[RC=N— O]

299

:=CH2(300),Et2O

- 2 0 to 20 °C, 17 h

R

297

R = MeCO, /! = 0;
R = HON=CH, n = 0,1

N.li

298

•Ad

R = MeCO,HON=CH

By using aqueous sodium bicarbonate instead of triethylamine in
the synthesis of isoxazoline 297 (R = HON = CH, n = 0), the
yield of the latter can be increased to 92%.171

Compounds containing two isoxazoline nuclei 301 or two
isoxazole nuclei 302 are formed in the cycloaddition of the
bis(JV-oxide) of oxalic acid dinitrile 303 to 1-allyladamantane or
to 1-ethynyladamantane (yields 50 and 42%, respectively).172

a a
I I Et3N, Et2O

H O N = C — C = N O H - 2 0 to20 °C, 17 h

[O—N=C—C=N-*o]
303

AdCH2CH=CH2

AdCH2- -CH2Ad

301

AdCSCH ff
N N'O

302

The hydroxamoyl chloride 304 on treatment with triethyl-
amine is converted into the nitrile JV-oxide 305, which reacts with
1-allyl and 1-ethynyladamantane to give compounds 301 and 306
(yields 6 5 % and 35%). 1 7 2

a
HON=C

N.ff
Et3N,Et2O

O
304

CH2Ad
- 2 0 to 20 °C, 17 h

O—NE=C

N.

305
O

AdCH2CH=CH2

AdC^CH

AdCH2-

AdCH2

301

T
N

306

Compound 307 containing isoxazoline and benzimidazole
nuclei and compound 308 with imidazoline and benzoxazole
nuclei are obtained in 75% and 72% yields by the condensation
of the iminoester hydrochloride 309 with o-diaminobenzene or
o-aminophenol.172

NHHC1

OMe MeOH

AdCH2 ' ^Qs

309

,N refluxing, 2 h

AdCH2

307

AdCH2

Most of the compounds synthesised from nitrile TV-oxides and
unsaturated adamantane derivatives exhibit a bacteriostatic
activity. For example, the adamantyl derivative of isoxazoline
293 with R1 = 5-nitro-2-furyl, R2 = Me, and n = 0 is active
against diphtheria and tuberculosis pathogens, the derivative with
R1 = Ph, R2 = Me, and n = 0 exhibits a high tuberculosostatic
activity, and the compound with R1 = 3-O2NC6H4, R

2 = H, and
n = 0 possesses a high antiviral activity.172

5-(Adamant-l-yl)- and 5-(adamant-l-yl)-4-methylisoxazoles
have been synthesised by the reaction of the aldehydes 94 with
hydroxylamine hydrochloride in boiling methanol (yield 90%).165

Cl

AdC=CC'

94 R

R = H, Me.

O

+ HONH2-HC1
MeOH

H ,
refluxing, 1 h Ad

l \N

Refluxing of 3-(adamant-l-yl)pentane-2,4-dione 310 with
hydroxylamine hydrochloride in aqueous alcohol gives rise to
4-(adamant-l-yl)-3,5-dimethylisoxazole (yield 70%).60

O O
II II

MeCCHCMe + HONH2HC1
NaOH, EtOH, H2O

Ad

310

refluxing, 2 h

Ad

Me

Me
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He and Lin proposed173 an original method for the synthesis
of the oxazole derivatives 311. The oximes of ketones 312 are
converted into the corresponding dianions on treatment with
butyllithium. The dianions are introduced into the reaction with
ethyl adamantane-1-carboxylate. The resulting salts 313 cyclise to
the isoxazoles 311 on treatment with sulfuric acid.173

R1

R2HC
= N O H

20 °C, 0.5 h

312

jo-

2Li4

T
R2

313

OEt

AdCOOEt,THF

20 °C, 1 h

H2SO«

20 °C, 1 h

R2

R1

-H2O
Ad

R2

II .N

311

R1 = Me;R2 = H; R1 + R2 (CH2)3-, -(CH2)4- .

Compound 314 can be obtained in 64% yield in a similar way
from diethyl adamantane-l,3-carboxylate and cyclohexanone

. 173oxime.1

3Et

NOH

Biological activity of the isoxazoline derivatives has been
studied.

This compound with R = Ph was found to exhibit a tuberculo-
static activity, and the compounds with R = 5-nitro-2-furyl and
5-nitro-2-thienyl exhibit an antibacterial activity.174

2-(Adamant-l-yl)-4,4-dimethylisoxazolidine-3,5-dione 315
has been obtained in 9 4 % yield by the condensation of
7V-(adamant-l-yl)hydroxylamine hydrochloride with dimethyl-
malonic acid dichloride.175

Me
AdNHOH-HCl +

Me'

O
II
CC1

CC1

O

Et3N, Et2O
Me
Me

"Ad

315

The amide AdC(O)NH2 is converted initially into the salt 317
(yield 72.5%) by treating it with oxalyl chloride; the interaction of
this salt with ethanol results in the formation of the ethoxy-
derivative 318 (R = H, yield 91%). The anilide AdC(O)NHPh is
converted into compound 318 (R = Ph, yield 56%) without
isolation of the corresponding salt.176-177

R - H, EtOH, H2O

O
II

AdCNHR

316

(COOh

0°C, 12 h

1. R = Ph, c i c a d a
refluxing, 4 days

2. EtOH, refluxing

Ad
ci-
317

p

R

I EtOH
0 °C, 1 h

EtO

Ad

318 R
R = H, Ph.

On treatment with ammonia, the compound 318 with R = H is
converted into the diamide AdCONHCOCONH2, whereas
refluxing of this compound in dichloromethane for 28 h leads to
the acyl isocyanate AdCONCO.176

Heating of JV,y-di(adamant-l-ylcarbonyl)hydrazine in acetic
anhydride in the presence of perchloric acid affords 2,5-
di(adamant-l-yl)-l,3,4-oxadiazole in 50% yield.60

O O
II II

AdCNHNHCAd

Ac2O, HCIO4

A, lOmin Ad-

N—N

<f -Ad

High-molecular-weight thermostable compounds 319 con-
taining adamantyl and 1,3,4-oxadiazole fragments, which are
readily moulded at temperatures above the softening point, have
been prepared by heating adamantane-l,3-dicarboxylic acid,
diadamant-l,l'-yl-3,3'-dicarboxylic acid, or their chlorides with
the dihydrazides of the same acids in polyphosphonc acid (with a
content of P2O5 of 85%-86%) at 140-160 °C for 6 h.178

N—N N—N

319

R1

R1 = R2

Thermostable polymers are formed in 73-89% yields when
.N.iV'-diacylpolyhydrazides 321 are heated with phosphorus oxy-
chloride in vacuo.179
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O
II

O o
4 . M - CNHNHC(CH2), ,CNHNHC- —

321

poa3
200-240 °C,
10-lSh

n = 1-4,7,8.

The furoxans 322 containing an adamantyl radical in the
4-position have been prepared by a known method involving the
reaction of the onti-glyoximes 323 with a fuming nitric acid in
glacial acetic acid. The yields of the furoxans 322 in this reaction
are60%-70%.1 8 0

1.5,AcOH

R = H, Me, a , 4-MeOC6H4.

On refluxing in /wcylene for 2 h the furoxan 322 (R = H)
isomerises to the furoxan 324 (yield 22%), whereas on more
prolonged refluxing (13 h) the isomerisation leads to 3-(ada-
mant-l-yl)-l,2,4-oxadiazol-5-one 325 (yield 50%).180

322 (R = H)

refluxing, 2 h CT O

324

Ad
NH

refluxing, 13 h
O'

325

Treatment of the furoxan 322 (R = H) with nitric acid (d = 1.5) at
20 °C for 2 h gives rise to the furoxan 322 (R = ONO2) in 78%
yield.180

In the presence of K3Fe(CN)6> the glyoximes 323 react with
secondary amines giving the furoxans 326 containing residues of
the secondary amines in the 5-position (yields 33% -64%).181

323 + R2R3NH
R2R3

20°C,2h

R1 R2 R3 R1 R2

H Me Me OH Me Me
Me Me Me H Et Et
4-MeC<sH4 Me Me H - ( C H 2 ) 5 -
Cl Me Me H (CH2CH2)2O

The furoxans 327 have been obtained by the reaction of the
nitrile iV-oxide 328 with ammonia or methylamine followed by
treatment of the resulting glyoximes 329 with potassium hexacya-
noferrate(ni). The yields of furoxans 327 are 37% (R = H) and
30% (R = Me).181

328

sN-*O + RNH2

AdC CNHR

OH OH

329

CHC13

refluxing, 2 h

K3Fe(CN)6

0°C,2h

NHR

N.
327 O

R = H, Me.

The furoxan 326 (R1 = H, R2 = R3 = Me) is reduced by
tin(n) chloride in hydrochloric acid to a furazan derivative,
3-(adamant-l-yl)-4-dimethylamino-l,2,5-oxadiazole 330.181 The
yield of the furazan 330 is 66%.

Ad

326
SnCl2,HCl(H2O)

NMe2

330

R1 = H, R2 = R3 = Me.

The nitrile A -̂oxide 292 dimerises under mild conditions to
give 4,5-di(adamant-l-yl)furoxan (yield 78%).170

Ad

2AdC=N— O
292

ecu
50 °C, 5 days

There is only one example of synthesis of a derivative of
1,2,3-oxadiazolidine, namely, 3-(adamant-l-yl)-l,2,3-oxadiazol-
5-one 331. This compound is formed in 80% yield in the reaction
in JV-nitroso-iV-(adamant-l-yl)glycine with the anhydride of
trifluoroacetic acid.182

AdNCH2COH +

NO

(F3CCO)2O
20 °C, 1h

331

The 1,2,4-oxadiazolidine-3,5-dione derivatives 332 containing
an adamantyl radical have been obtained by the condensation of
the amides 333 with ethyl chlorofonnate in the presence of an
alcoholic solution of potassium hydroxide (yields 75% and
58%).183

OH O
I II

A d N — C N H -

333

CICOOEt, NaOH, EtOH
100 °C, 5-10 min *
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332

R = H, Cl.

Heating of the nitrile iV-oxide 328 in toluene affords
3-(adamant-l-yl)-l,2,4-oxadiazol-5-one 325 in 63% yield.180

Ad

328
PhMe

\
refluxing, 10 h

325

It has been found that the formation of the compound 325
involves cleavage of the furoxan ring, the isocyanate rearrange-
ment of the intermediate nitrile .TV-oxide 328, and its subsequent
cyclisation.180

The 1,2,4-oxadiazole derivatives 334 have been synthesised
from amidoximes and /vchlorobenzoyl chloride184 or from the
orthoester AdC(OEt)318S in the presence of boron trifluoride
etherate with heating (yield 40%).

V
4-CIC6H4C

NH2

O
BF3Et20

Cl

/ "' BF3-Et20
4-O2NC6H4Cv + AdC(OEt)3

\0H A

4-XQH4-

334

Ad

X = C1,NO2.

Several procedures have been proposed for the synthesis of
adamantyl-containing oxadiazoles. 3-R-5-(Adamant-l-yl)-1,2,4-
oxadiazoles 335 have been obtained in 56% - 9 8 % yields from the
hydroxamoyl chlorides RC(C1) = NOH by two procedures: their
thermal condensation with 1-cyanoadamantane or their inter-
action with the methyl iminoester hydrochloride 54 in the presence
of sodium carbonate.56-186

PhH
AdC=N + RC=NOH

.NHHC1
AdC + RC=NOH

refluxing

Na2CO3,H2O,Et2O

54 OMe
5°C,2h,20°C,3h

K.

\-N
" \\

335

-Ad

R (time of renuxing/ h) = Ph (40), 3-O2NC6H« (80),

4-O2NC6H4 (110), (HO).

Two alternative methods for the synthesis of the 1,2,4-
oxadiazole derivatives 335 and 336 are based on the reaction of
the amidoximes 337 with the iminoester hydrochloride 54 (the
yields of the target compounds varied from 40% to 88%)56> 186> 187

MeOH
NH2

R C C + » «• ""~V», * 3 3 S>
"̂ . refluxing, 2 h

NOH

337
R = Me,PhCH2,Ad,

or on the cyclocondensation of amidoximes 337 with carbonitriles
338.

/NH2

^NOH

337

-N
\

+ R^s

338

O

336

R1 = Ad: R2 = CC13,2-C1C«H4, Ad;

R2 = Ad: R1 = Me, C1CH2, CCb, 2-CIC6H4.

To prepare 2,5-disubstituted derivatives of 1,3,4-oxadiazole,
cyclocondensation of the carboxylic acid hydrazides 339 with
iminoester hydrochlorides 340 has been used. The yields of the
oxadiazole derivatives were 50% - 70% .56

NH-HC1
AdC

\HNH2

339

RC
EtOH

NOMe

340

refluxing, 2 -6 h

N—N

Ad-

R = Me, Ph, ,Ad.

3. Compounds with six-membered heterocycles
Refluxing of a mixture of morpholine and the 1-bromoadaman-
tane for 8 h gives rise to 4-(adamant-l-yl)morpholine, which has
been claimed as a compound possessing an antiviral activity.89

O Ad—NAdBr + HN

50

A method for preparing 3-(morpholinomethyl)adamantane-
1-carboxylic acid 341 has been proposed. The method includes
three stages. The reaction of the chloride AdCOCl with morpho-
line affords the morpholide of this acid (yield 72%), which is then
reduced with lithium tetrahydroaluminate to l-(morpholinome-
thyl)adamantane (yield 97%). The latter reacts with formic acid in
the presence of sulfuric acid to give the compound 341 in 11%
yield.107
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? /
AdCCl + HN O

Et2O

0 °C, 1 h

Adi

O

ICN 0
LiAlH4,Et2O

refluxing, 2-3h

AdCHaN O

COOH

HCOOH, H2SO4, Bu'OH
17-19°C,4-5h;20oC>15h

The hydrochloride of the compound 341 exhibits analgesic, anti-
inflammatory, antipyretic, and antifibrillar activities.107

The salt 342 has been obtained in 42% yield from
1,3-dehydroadamantane, 4-methylmorpholine, and iodine by
conjugated haloamination.100

+ O NMe + I2 -10toO°C

342

Derivatives of dihydro-1,2- and dihydro-l,3-oxazine have
been prepared by diene condensation. 4-(Adamant-l-yl)-2-phe-
nyl-3,6-dihydro-l,2-oxazine 343 has been synthesised in this way
from the diene 43 and nitrosobenzene in 51 % yield; the adduct 345
was obtained from the diene 344 and cyclohexene in 33% yield;
and the interaction of the diene 346 and 2,3-dimethylbuta-l,3-
diene gave rise to the adduct 347 (yield 59%).47

Y + N _ P h _J2E!i_
^ , , 20 X, 3 days

43

Ad O

343

HN..

344

x- . A Y
80 °C, 3 h N.

345

Ad CH2

346

CHCI3

20°C,40h

AdV
N Me

347

Compound 348 has been synthesised in 50% yield by the diene
condensation of adamant- 1-ylcarbonyl isothiocyanate 349 with
the enamine 350.47

Ad-/
N

CHCb
2 0 ° c - 2 4 h

349 \ = S 350

Y
N.

348

A heteryladamantane, 2-(trichloromethyl)-6-thioxo-5J?-1,3,5-
oxadiazin-4-one 351, has been obtained in 53% yield by the
reaction of perchloroethyl isocyanate 352 with JV-(adamant-l-
yl)-0-methylthiourethane 353 in the presence of triethylamine.188

C13CCC12N=C=O + AdNHCOMe

352 353

Et3N,PhH
20°C,2h*

N^kN>d

a3c 351

On heating in benzene, AdNt^ condenses with three formal-
dehyde molecules affording the derivative of 1,3,5-dioxazine 354
(yield 49%).139

AdNH2 + 3 CH2O

7

PhH

refluxing
AdNNw

354

VI. Adamantane derivatives containing
heterocyclic nuclei with nitrogen and sulfur atoms

1. Compounds with three-membered and four-membered
heterocycles
iVvA/'-Bis(adamant-l-yl)sulfonamide is converted into 2,3-di-
(adamant-l-yl)thiadiaziridine-1,1-dioxide 355 in 92% yield by
treating it with potassium ferf-butoxide and ferf-butyl hypochlor-
ite in tetrachloromethane.189

AdNHSO2NHAd
BuH3K,Bn1OCl,Ca4

8 °C, 1 h; 0 °C, 1 h '

SO2

Ad—N—N—Ad

355

Diadamantyldiazene 356 is formed from the dioxide 355 when
it is treated with hydrogen chloride in toluene (yield 100%) or
refluxed in ethanol (yield 84%). Treatment of the dioxide 355 with
potassium iodide in acetic acid leads to the initial
iV,iV'-bis(adamant-l-yl)sulfonamide in 72% yield.189

AcOH,CHCl3,KI

355

EtOH

refluxing, 48 h

HQ, PhMe

AdNHSO2NHAd

AdN=NAd

356

SO2C1

AdNHN

SO2 +(AdNH=NAd)Q- • AdN=NAd
356
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When the isocyanate 352 reacts with thiourethane 353, apart
from the 1,3.5-oxadiazine derivative 351 (see above), 3-(adamant-
l-yl)-2-isocyanato-2-trichloromethyl-l,3-thiazetidin-4-one 357 is
formed in 28% yield. The investigators188 believe that the
formation of the thiazetidine 357 begins with the 5-alkylation of
the thiourethane with isocyanate and involves intermediate
formation of unstable compounds 358 and 359. This course of
the reaction is due to the presence of the bulky adamantyl nucleus.
In fact, the corresponding JV-alkyl(aryl)thiourethanes do not give
analogues of the compound 357 under these conditions.

CI3CCCI2NCO + AdNHCOMe

352 353

OMe

—*• AdN=CSC(Cl)NCO

358 CCI3

NCO

S—C—CCh

AdN=C—O

359

Et3N,PhH
20 °C, 2 h '

-MeCl

CCI3

S—C—NCO

O = C — N — A d

357

Thiazetidin-4-one 357 reacts with ethanol or with morpholine
at 20 °C giving rise to compounds 360 in 65% and 78% yields,
respectively.188

357 +

X = OEt,

HX

-*-

PhH
20°C,24h

a 3 c 0
1 II

AdN=CNHCX

360

"N.

a3c 0
S—CNHCX

O=C—N—Ad - C O S

2. Compounds with five-membered heterocycles
Heating the ketone 86 with thiourea in alcohol gives rise to
4-(adamant-l-yl)-2-aminothiazole (yield 20%).60-190 When the
same ketone is treated with concentrated hydrochloric acid,
adamant-1-yl chloromethyl ketone is formed (yield 84%); the
latter reacts with thioacetamide affording 4-(adamant-l-yl)-2-
methylthiazole in 45.5% yield.60 The reaction of adamant-1-yl
chloromethyl ketone with potassium thiocyanate leads to the
ketone AdCOCI^SCN, which is converted into 4-(adamant-l-
yl)thiazol-2-one on treatment with concentrated hydrochloric
acid (yield 42.5%).60

O

AdCCHN2 — »

86

H2NCNH2,
EtOH,tube

100°C,5days A d "

HC1(H2O), dioxane
70 °C, 5 min

PhH,
S

MeCNH2

A
o

-CCH2Q

refluxing,
24h

NH2

KSCN, Me2CO II
" AttCCt

refluxing, 5 h
Ha(H2O),

MeOH
15 h,
70 °C

H

It is of interest that refluxing of the 1,3-thiazoline derivatives
361 with thiourea in alcohol leads to 2-amino-4-R-thiazoles 362 in
85%-98% yields.191

-S
n

EtOHMe + H2NCNH2

HO
refluxing, 1 h

361

362

R = Ad, AdCH2,3-ClAd, 3-BrAd.

5-(Adamant-l-yl)-3-aminothiazole has been synthesised by
keeping the aldehyde AdCH(Br)CHO and thiourea at 200 °C for
10 min followed by refluxing in alcohol for 10 min (yield 55%).191

The salt 363 has been obtained in 43% yield by heating
2-aminothiazole with the ketone 41.4*

dCCH

Br~ f"
(AdCCH 2 Br + H 2 N

41

When 2-(trimethylsilyl)benzothiazole reacts with A d d in the
presence of aluminium chloride, the adamantyl radical substitutes
the hydrogen atom in the 5-position of the benzene ring, and the
Me3Si group is substituted by the hydrogen atom.50

AdCl
AdCl, CHCb

20 °C, 12 h

(15%)
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6-(Adamant-l-yl)-2-aminobenzothiazole is formed in the
reaction of the thiourea derivative 364 with bromine (yield
40%).45

S
II PhCl

TCNH2 + :Br2
55-60 °C, 4h

) -NH 2

The homolytic i>«>-substitution in the series of benzothiazole
derivatives has been studied fairly comprehensively.192"194 The
benzothiazole derivatives 365 and the acid AdCOOH were treated
with ammonium peroxydisulfate and silver nitrate in acetonitrile
in the presence of aqueous ammonia at 90 °C for 20 min. The last
stage of this reaction is the displacement of the substituent in the
2-position of the benzothiazole nucleus and its substitution by the
adamantyl radical.192"194

AdCOOH
NH3(H2O),MeCN

90 °C

Ad

R (yield, %) = PhSO2 (80), PhSO (80), PhCO (55), MeCO (60),
CHO (40), MeS (60), MeO (40), Br (70), Cl (50),
F (50),192 CHO (40), MeCO (60), COEt (60),
PhCO (55), 4-CIC6H4 (56), 4-MeC6H4CO (52),
4-MeOC<sH4 (50),193 NO2 (100)."*

A possible scheme for this reaction has been suggested.192-193

365 + Ad" —*-

R—Ad'

Ad + R"

The presence of electron-withdrawing substituents in the 5- or 6-
position facilitates this reaction. The relative rates (v) of the
substitution of the acetyl radical by the adamantyl radical in the
2-acetylbenzothiazole derivatives 366 have been measured.193

X—|— |T V-Ad + MeCOOH

X (v) = 6-CN (10.92), 6-C1 (2.30), 5-C1 (2.18), 5-MeO (1.26),
H (1.0), 5-Me (0.86), 6-Me (0.6), 6-MeO (0.46).

Treatment of compound 367, obtained by silylation of
4-methyl-^ff-thiazolin-2-one with disilazane 32, with 1-chloro-
adamantane in the presence of AICI3 has led to 5-(adamant-l-yl)-
4-methyl-3.ff-thiazolin-2-one 368.37

Me3SiNHSiMe3

32
refluxing, 4 h

Me
NSiMe3 M

20 °C, 1 h

367

The derivatives of thiazolidin-4-one 369 inhibiting the growth
of Gram-positive and Gram-negative bacteria and acting as
fungicides have been synthesised by cyclocondensation of the
Schiff s bases 370 with thioglycolic acid.195

Ad

AdCH=NR + HSCH2COH
PhH

refluxing, 50 h
H

R

370 369
O.

R I, —N N—Ph,

O

3-(Adamant-l-ylmethyl)-2-imino thiazolidin-4-one 371 is
formed on refluxing the chloroacetamide 372 and thiourea in
isopropyl alcohol (yield 58%).196

o s - -CH2Ad

II II
AdCH^COfeCl + H2NCNH2

refluxing, 7 h

372 371

The nature of the radical R in the thioamides RC(S)NH2 plays
the crucial role in their interaction with the ketones 373. For
example, the reaction of MeC(S)NH2 with the ketones 373 affords
the 4-hydroxythiazolines 361, whereas the interaction of
HC(S)NH2 with these ketones leads to the thiazole derivatives
374. The yields of all the compounds obtained vary from 70% to
97%. Hydroxythiazoline hydrobromides on refluxing in alcohol
are converted into the thiazole derivatives 375.191

M e

o
IIRCCH2Br H

373

O
II

RCCH2Br H

373

S
II

h MeCNH2

S
II

rHCNH 2

Et2O
20 °C, 2 h

Et2O
20 °C, 2 h

HO

361

374
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l - T s r Me

HO N

•HBr

1. EtOH, refluxing, 15 min
2.pH>7

361

375

R = Ad, AdCH2,3-ClAd, 3-BrCH2Ad.

Compounds 376 cyclise on treatment with thionyl chloride
giving the isothiazolin-3-one derivatives 377, which have been
recommended as bactericides and fungicides.197

O

PhS

1,2.

O

CNHAd

(CH2)B

376 377

Compounds of the general formula

R' O

R2

R1, R2 = H, Hal; R3 - Ad, AdCH2,

were claimed as bactericides and fungicides in the same patent.197

The transformation of adamant-1-ylcarbonylthiosemicarb-
azide 378 into the 2,5-disubstituted 1,3,4-thiadiazoles 379 has
been achieved by means of cyclisation agents such as concentrated
sulfuric acid or phosphorus oxychloride.198 When concentrated
sulfuric acid was used for R = Me and Et, the yields of the
products 378 were 51% and 55%, whereas with phosphorus
oxychloride in the case where R = Me, Et, -t-XQJHU (X = F,
Cl, Br), and PhCH2, the yields were 61 % - 6 8 % .

0 S
II II

AdCNHNHCNHR -

378

Ad"

N—N
1 i

H2SO4,

or POCb,

"^NHR

20°C,24h

refluxing, 2 h

379

R = H, Me, Et, 4-FC6H4,4-CIC6H4,4-BrQH4, PhCH2.

The interaction of the 0-methyl adamantane-1-carbothioate
with diazomethane in a mixture of ether and methanol in the dark
gives rise to two compounds: 1,3,4-thiadiazole 380 and
1,2,3-thiadiazole 381 derivatives (yields 7% and 32%).108

AdCOMe + CH2N2
MeOH,Et2O
20"C,48h '

Ad

V
380

N
| Ad-

V
381

-N
•I

-N

If this reaction is carried out in the absence of methanol only
one compound, 5-(adamant-l-yl)-5-methoxy-l,2,3-thiadiazoline
382 is formed in 22% yield.108

AdCOMe + CH2N2
20°C,48h

s-
382

4-Adamant-1 -ylcarbonyl-5-benzoylamino-1,2,3-thiadiazole
383 has been synthesised from the ketone 86 and benzoyl
thioisocyanate with heating (yield 50%).60-199

\
AdC

AdCCHN2 + PhCNCS

86
100°C,24h

hCNH
II
O 383

Compound 383 and its 5-aroylamino-analogues possess
bactericidal and antiviral activities.199

3. Compounds with six-membered heterocycles
The adamantane derivatives containing six-membered heterocyc-
lic nuclei incorporating nitrogen and sulfur atoms can be obtained
by diene condensation. Cyclocondensation of JV-sulfenyltoluene-
p-sulfonamide 384 with the diene 43 at ambient temperature
affords the 1,2-thiazme derivative 385 (yield 89%).47

O=S=N—
PhH

CH2
20°C,39h

43 384

VsSO2C6H4Me-4
385

JV-(Adamant-l-ylthiocarbonyl)-JV'^V'-dimethylformamidine
386 reacts with methyl vinyl ketone on refluxing in benzene giving
rise to the 1,3-thiazine derivative 387 (yield 36%).47

CH2

+ CH—CMe
PhH

CHNMe2

refluxing, 32 b

386

CMe
387

VII. Adamantane derivatives containing other
heterocyclic nuclei
The heterocyclic compound 388 containing a five-membered ring
with a phosphorus atom has been synthesised by cyclocondensa-
tion of (adamant-l-yl)phosphane with phthalic acid chloride in
the presence of triethylamine.200
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AdPH2 +
Et3N PAd

At 20 °C, the nitrite iV-oxide 292 enters into 1,3-dipolar
cycloaddition with thiobenzophenone, which affords 3-(ada-
mant-l-yl)-5,5-diphenyl-l,4,2-oxathiazole in 75% yield.169

Ad

AdC==N— O

292

Ph2C=S ecu
20°C, 12h

The complex of boraadamantane with tetrahydrofuran 389
reacts with carbon monoxide giving (adamant-l-yl)boro-
dioxolane 390, interaction of which with lithiodichloromethane
gives rise to compound 391.201

o
CO, HOCH2CH2OH

389

CHCljU

390

The Lawesson reagent 392 can act as the dienophile in diene
condensation. For example, the reaction of the diene 43 with this
reagent at 20 °C affords the adduct 393 (yield 85%) with sulfur
and phosphorus atoms in the heterocyclic moiety.47

Ad CH2

^
CH2

OMe
PhMe

20 °C, 2 h

43

Ad

392

,C«H4OMe-4

393

Compounds 394 have been synthesised in 50%-80% yields
by the condensation of adamantane derivatives 395 with trietha-
nolamine.202

N(CH2CH2OH)3

OCH2CH2

— N

394

R1 = H: R2 = H, Me; R3 = H, Me, Et;
R1 = R2 = R3 = Me; R" = alkylene, arylene, thienylene;
R5 = alkyl.
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Abstract. The results of studies in recent years on the synthesis of
polyimides with chains which are both flexible and rigid to the
maximum extent are surveyed. The characteristic features of the
formation of these polymers, their properties, and certain aspects
of their practical applications are considered. It is shown that the
thermodynamic rigidity of the macromolecules is one of the
principal factors which determines the most important properties
of polyimides and the materials based on them. The bibliography
includes 85 references.

I. Introduction
The development of the chemistry of aromatic polyimides
(API) '~5 led to the formation of a large number of polyhetero-
arylenes exhibiting significantly different properties. One of the
most important factors influencing the properties of API is the
rigidity of their macromolecules. In terms of this feature, the API
may be divided into two principal groups — flexible-chain and
rigid-chain polyimides.

The development of the flexible-chain polyimides was stimu-
lated by the need to obtain easily processed polyimides soluble in
the usual organic solvents and having wide gaps between the glass
transition and decomposition temperatures.6"8 The development
of the chemistry of the rigid-chain polymers was in its turn
determined by the need to create very strong and high-modulus
materials.9'10

The molecular designs of the flexible-chain and rigid-chain
polyimides are different. The flexible-chain API contain in the
main chain asymmetric phenylene (m-phenylene) rings and groups
which increase the flexibility of the chain (ether, thioether,
isopropylidene, hexafluoroisopropylidene, etc.),6"8 whereas in
the rigid-chain API the macromolecular chains are extended to
the maximum extent and contain predominantly symmetrical
/vphenylene fragments and heterocycles without any groups
increasing the flexibility of the chains.'1

II. Flexible-chain aromatic polyimides
The most important flexible-chain API are polyimides with ether
groups in the main chain, the so called polyetherimides (PEI). A
wide range of PEI have been obtained as a result of the interaction
of various aromatic diamines containing ether groups and the
dianhydrides of aromatic tetracarboxylic acids without the same
groups J>12> I3 in accordance with Scheme 1.

The values of the Kuhn segment (At/A), calculated and
determined experimentally14'15 for certain PEI based on the
dianhydride of oxybis(benzene-3,3',4,4'-dicarboxylic) acid
(OBBDCA) as well as the properties of these PEI are presented
in Table 1.

The use of diamines with p-phenylene fragments and of
dianhydrides containing only one ether group led to PEI with a
30-37 A Kuhn segment and a glass transition temperature of
255-290 °C. When the 'dianhydride R' was used instead of
OBBDCA, the PEI 3a -e with a 26-32 A Kuhn segment and a
glass transition temperature of 175-215 °C were synthesised
(Table 2).

Scheme 1

n H 2 N - A r - N H 2 + nO

Z B Shifrina, A L Rnsanov Nesmeyanov Institute of Organoelement
Compounds, Russian Academy of Sciences, ul. Vavilova 28,117813
Moscow, Russian Federation.
Fax (7-095) 135 50 85. Tel. (7-095) 135 93 17 (Z B Shifrina)
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where

At

Table 1. The properties of polyimides based on the dianhydride of oxybis(benzene-3,3',4,4'-dicarboxylic) acid.14-15

O O

- A r - Ts I °C T,o'/. I °C (TGA) Properties of films

<r/MPa

270

290

255

450-500

445

460

160-200

141

140-170

50-100

16

50-75

3.2

3.1

2.7-3.2

36.4

36.3

29.9

Table 2. Some properties of the polyetherimides 3a - e .

Poly-

etherimide

7"iov. / °C

(TGA)

Properties of films

(r/MPa e(%)

3a
3b
3c
3d
3e

215
202
174
197
205

540
560
510
577
510

120
125
120
120
100

20
160
90
160
60

2.6
—
2.3
3.4
2.4

In order to obtain PEI with a smaller Kuhn segment and lower
glass transition temperatures it appeared useful to introduce into
the macromolecule the largest possible number of ether groups,
which increase the flexibility of the chain, as well as w-phenylene
fragments. A large group of bis(phthalic anhydrides), containing
at least two ether groups — bis(etherphthalic anhydrides)
(BEPA) —were synthesised. The dianhydrides were obtained by
the aromatic nucleophilic nitro-displacement reaction between
bisphenoxides and nitrophthalimides or nitrophthalonitriles
(Scheme 2).6-8-16"21

The reactions of the BEPA 4 - 7 with aromatic diamines
[m-phenylenediamine, bis(4-aminophenyl)ether, bis(4-aminophe-
nyl)methane, etc.] were carried out in accordance with
Scheme 3P2-3* The PEI were synthesised in the melt,22"26 in
amide solvents (high-temperature polycondensation),27-28 or in
nonpolar organic22>23i29>30 and phenolic31"34 solvents. Particu-
lar attention was concentrated on the polymers obtained on the
basis of the cheap and readily available m-phenylenediamine.
Certain properties of these polymers are presented in Table 3.

Among the PEI listed in Table 3, the polymer synthesised from
the 'dianhydride A' is the most important and most readily
available.

Me
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O2N

O - A r - O —
OH-

Scheme 2

AT BEPA Isomer

3,3'

4,4'

Yield (%)

100.0
89.9

Tm/°C

228-229.5
284.5-286

5

6

7

3,3'
4,4'

3,3'
4,4'

3,3'
4,4'

98.9
100.0

46.6
97.0

97.0
85.0

254-255.5
238-239

257-257.5
189-190

186.5-187.5
189-190

o

O + „ H2N—Ar'—NH2

O

N—Ar'- -

O-Ar—O

Scheme 3

-2nH2O

This polymer, containing ra-phenylene ring, ether, and iso-
propylidene groups in the main chain, is extremely flexible — its
Kuhn segment is 19 A long.35 It was selected as the starting
material for the preparation of the ULTEM plastic, which is
produced by the General Electric Company.6 Certain properties
of ULTEM are listed in Table 4. A high transparency and rigidity
combined with a high decomposition temperature and fire
resistance as well as the absence of smoke formation or combus-
tion are characteristic of this polymer.6

Another approach to the synthesis of flexible-chain readily
processable PEI is based on the use of aromatic diamines contain-
ing several ether groups and w-phenylene fragments in the
structure of the molecule. A large group of these diamines have
been obtained by the interaction of various bisphenoxides with
unsubstituted and substituted m-dinitrobenzenes36~57 by the
aromatic nucleophilic nitro-displacement reaction (Scheme 4).
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Table 3. The properties of polyetherimides having the general formula *•ls

Q P

O-Ar—<

Initial

BEPA

Isomer

PEI

rg/°c(DSC) 7W./°C(TGA)

air N2

Solubility'

N-MP DMF CHC13

3,3'
4,4'
3,3'
4,4'
3,3'
4,4'
3,3'
4,4'

0.57
0.70
0.53
1.04
0.39
0.50
0.52
0.45

241
224
238
227
236
215
231
209

460
500
480
500
446
460
470
480

500
515
480
490
470
480
470
490

s
IS

s
IS

s
s
s
IS

IS
IS

s
PS

s
s
s
s

aThe viscosity r\ was measured in m-cresol at 25 °C.b Notation adopted: S = soluble, IS = insoluble, PS = partially.

Table 4. The properties of the ULTEM polyimide.6

Mechanical properties Thermal properties

Tensile strength
at yield (yield point)

Tensile modulus

Tensile elongation,
ultimate

Flexural strength

Flexural modulus

Compressive strength

Compressive modulus

Gardner impact
strength

Izod impact
strength

notched
unnotched

105 MPa

3000 MPa

60% -80%

145 MPa

3300 MPa

140 MPa

2900 MPa

36 Nm

50 J m - 1

1300 J m - 1

Glass transition
temperature

Heat deflection
temperature

1.85 MPa
0.46 MPa

Limited oxygen
index
Bum
bending UL 94
(vertical)

Smoke evolution
according to
the NBS method

Ds after 4 min
Dmax after 20 min

217 °C

200 °C
210 °C

47

v-Oat
0.64 mm

0.7
30

As a rule, the aromatic nucleophilic nitro-displacement reac-
tion takes place readily, provided that the activating groups are
located in the ortho- and para-positions relative to the
nitro-group, but in certain cases /weta-substituted dmitro-com-
pounds can also be involved in the reaction.4-6>7

Numerous studies 36~49 have been devoted to the preparation
of diamines from m-dinitrobenzene. Among them, products with
the isopropylidene and hexafluoroisopropylidene 'bridging'
groups are of greatest interest. The PEI involving these diamines
have been synthesised in accordance with Scheme 5.

Scheme 4

,NH2

(R = bond, CMe2, C(CF3)2, etc.).

The reactions were carried out in iV-methylpyrrolidone
(JV-MP) at room temperature; the intermediate poly(o-car-
boxy)amides were cyclised directly in the reaction solution using
as the catalyst either a 1:1 pyridine-acetic anhydride mixture or
orthophosphoric acid or adding compounds which form azeo-
tropic mixtures with the water evolved during cyclisation. All the
reactions took place under homogeneous conditions. Under the
conditions of catalysis by orthophosphoric acid or without the use
of any catalyst, as a rule high-molecular-mass PEI with a high
degree of cyclisation were obtained. Certain properties of the PEI
8 and 9 are presented in Table 5. It follows from the data in Table 5
that the PEI 8 and 9 are characterised by relatively low glass
transition temperatures (180-225 °C) and high decomposition
temperatures. The melt viscosity of these polymers is fairly low,
which makes them suitable for processing by injection moulding.
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Scheme 5

8-10

X = H: R = CMe2 (8), C(CF3)2 (9); X = CF3: R = CMe2 (10)

R' = bond (a), C(O) (b), - O - (c), (e), — >

Table 5. The properties of the polyimides 8 and 9.46-48

Poly-
imide / d i g -

TJ°C
(TGA) /dig-

B

8a
8b
8c
8d
8e
8f
9a
9b
9c
9d
9e
9f

0.78
0.71
0.69
0.42
0.50
0.59
1.23
0.55
0.55
0.68
1.07
0.78

210
225
200
180
200
190
220
220
180
200
220
200

438
443
443
508
484
447
492
492
505
517
498
507

3.9
8.7
5.4
1.8
2.4
2.7
8.6
2.8
0.4
2.8
5.4
2.9

9.0
28.0
15.0
4.7
5.4
3.5

23.0
4.9

7.7
1.5
6.4

* The viscosity r\ measured in m-cresol at 25 °C.b The effective viscosity of
the melt (capillary viscosimetry) measured at v = 2912 s-'(A),v = 728 s - 1

(B) (v is rate of shearing).

The polyimides obtained are readily soluble in organic
solvents — 7Y-MP, /w-cresol, methylene chloride, chloroform,
etc. The ready solubility of the polymers is determined by their
structure and method of synthesis. The polymers synthesised
under mild conditions are known to be more soluble than the
polymers obtained at high temperatures.58 Thus the polyimides
9a -c , obtained in accordance with Scheme 5, are readily soluble
in JV-MP and dimethylacetamide (DMA) while the polyimides
based on 2,2-[bis(p-aminophenoxy)phenylene]propane,59 obtained
using solid-phase high-temperature cyclisation of polyamido-
acids, are insoluble in these solvents. The polyimides based on
diamines with trifluoromethyl groups in the benzene ring are even
more soluble.51-52 The corresponding diamines were obtained in
accordance with Scheme 4; 3,5-dinitro-l-trifluoromethylbenzene

and various bisphenoxides were used as the starting com-
pounds.50"52 Attention has been concentrated on the diamine
with the isopropylidene bridging group.

The polyimides were synthesised from this diamine and the
dianhydrides of the simplest dinuclear tetracarboxylic aromatic
acids in 7Y-MP without a catalyst in accordance with Scheme 5.52

The principal properties of the polyimides lOa-c are presented in
Table 6. As can be seen, the polyimides have low glass transition
temperatures (180-210 °C) combined with high decomposition
temperatures. The polymers 10a-c are soluble not only in amide,
phenolic, and chlorinated solvents (like the polymers 8 and 9) but
also in cyclohexanone and butyrolactone.

Table 6. The properties of the polyimides 10a -c.52

Polyimide 7io%/°C
(TGA)

10a
10b
10c

0.46
0.37
0.31

193
190
180

523
502
511

* The viscosity r\ measured in m-cresol at 25 °C.

3,5-Dinitrodiphenyl ether can also be used to obtain the
diamines. The interaction of the ether with various bisphenoxides
leads to nitro-compounds with phenoxide side groups,S3>54 the
reduction of which results in the formation of the corresponding
amines with phenoxide side groups.56 The polyimides l l a - d have
been synthesised from a diamine containing a hydroquinone
residue.57 The synthesis was based on Scheme 6. All the reactions
were carried out homogeneously and led to high-molecular-mass
polyimides with a high degree of cyclisation. The properties of the
polyimides l l a - d are presented in Table 7. The polyimides
obtained were distinguished by relatively low glass transition
temperatures combined with high decomposition temperatures
and a ready solubility in organic solvents, which led to their being
easily processed into articles.
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nH2N.
o

Scheme 6

OPh OPh

- - R

JV-MP,
C5H5N(MeCO)2O,
refluxing

-2nH2O

l l a - d

= O(a),C(O)(b), — < (c);C(CF3)2(d).

Table 7. The general properties of the polyimides l la-d. 5 7 Scheme 7

Poly-
imide

fred
/dig"1

rg/°c 7WC
(TGA)

Molecular
mass

Properties
of films

lla
lib
lie
lid

0.67
1.00
0.95
0.65

170
190
188
205

520
520
500
470

47000
77000
—
—

<r/MPa

890
760
540
530

4
5
5
4

Almost all the polymers are soluble in amide, phenolic and
chlorinated solvents, and also in cyclohexanone, acetone, and
butyrolactone. The polyimides based on the diamines having the
general formula 12 are even more easily processed into articles.

H2N. NH2

OPh

R = CMe2, C(CF3)2.

12
OPh

m . Rigid-chain aromatic polyimides
As mentioned above, the macromolecules of rigid-chain aromatic
polyimides must be extended to the maximum extent and must
contain symmetricalp-phenylene fragments and heterocyclic units
without 'flexibilising bridges'. The simplest aromatic polyimides
with a 'rod' geometry may be obtained from pyromellitic
dianhydride or the dianhydride of biphenyl-3,3',4,4'-tetracar-
boxylic acid and carbocyclic (p-phenylenediamine, benzidine,
4',4"-diaminoterphenyl, etc.) or heterocyclic [2,5-bis(p-aminophe-
nyl)pyrimidine]diamines s0-6 4 in accordance with Scheme 7.

nH2N-Ar-NH2 + nO

The high-molecular-mass poly(o-carboxy)amides formed in
the first stage (in various amide solvents) undergo chemical or
thermal cyclodehydration in the second stage, which results in the
formation of insoluble polyimides. The value of the Kuhn segment
was 625 A for the polypyromellitimide based on 4',4"-diaminoter-
phenyl and 1750 A for the polypyromellitimide based on 2,5-bis-
(p-aminophenyl)pyrimidine, which indicates a high rigidity of the
macromolecules.62
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It is noteworthy that the evolution of gaseous products during
the high-temperature thermal cyclodehydration limits the use of
these materials in the industrial manufacture of thick-walled
articles.60

The studies by various research groups on the problem of the
removal of water stimulated investigations of the synthesis of
rigid-chain polyimides soluble in organic solvents. Bulky side
groups are usually introduced into the macromolecule in order to
improve the solubility of polymers. Typical representatives of
such groups are long aliphatic segments, for example dodecyl
fragments.65-68 The reaction of 4,4"-diamino-2,5,2',5',2",5"-
hexadodecyl-p-terphenyl with pyromellitic dianhydride in
m-cresol at 200 °C using isoquinoline as the catalyst was carried
out in accordance with Scheme 8. The polyimide 13 obtained as a
result of this reaction was soluble in various organic solvents.
However, it is noteworthy that the introduction of aliphatic
fragments into the molecules of aromatic polyimides appreciably
lowers their thermal stability — the polymers rapidly lose weight
starting from 380 °C.

Scheme 8

Scheme 9

R

o

4. - r\
T* r

— -

O

- N

V//o

R = (CH2)nCH

y
o

1^

3 •

R

x.
JL
o

\
N-

•{w
O

R

O

""V «-MeC6H4OH,

O

R

-o-c
R R

13

R

200 °C

R'

•0-
R

Better results were obtained when diamines and/or dianhy-
drides with trifluoromethyl side groups were used as the starting
components.69-76 Polyimides based on 2,2'-bis-(trifluoromethyl)-
4,4'-diaminobiphenyl and the dianhydrides of pyromellitic, biphe-
nyl-3,3',4,4'-tetracarboxylic, l-(trifluoromethyl)benzene-2,3,5,6-
tetracarboxylic, and l,4-bis(trifluoromethyl)benzene-2,3,5,6-tet-
racarboxylic acids have been synthesised by this procedure
(Scheme 9).

The synthesis is carried out in two ways — by a two-stage
reaction involving the low-temperature synthesis of
poly(o-carboxy)amides in DMA with subsequent thermal cyclisa-
tion in the solid state at 350 °C70-71 and by a single-stage
polycyclocondensation in boiling m-cresol.72"76 The polyimide
obtained from 2,2'-bis(trifluoromethyl)-4,4'-diaminobiphenyl
and the dianhydride of biphenyl-3,3',4,4'-tetracarboxylic acid by
polycondensation in m-cresol is of greatest interest.72"76 This
polymer is soluble in hot m-cresol. Fibres with a low strength and
low elasticity modulus have been obtained by spinning its
isotropic solution, but after tenfold drawing at a temperature
above 380 °C the strength and the modulus of elasticity improved
greatly when a load was applied. The fibres drawn in this way had
a tensile strength of 3.2 GPa and an initial modulus of elasticity in
excess of 130 GPa. The fibres had excellent thermal stability and
retained a high strength and modulus of elasticity at elevated
temperatures.

CF3

Rigid-chain polymides soluble in phenolic solvents have been
obtained by the interaction of the dianhydride of biphenyl-
3,3',4,4'-tetracarboxylic acid with 2-phenyl-/>-phenylenediamine
and 4,4'-diamino-l,l'-binaphthyl77 in accordance with
Scheme 10. The reaction was carried out in /M-cresol or
/7-chlorophenol at 200 °C using isoquinoline or tertiary amines
as catalysts. The polyimides 14 and 15 are soluble in /M-cresol and
p-chlorophenol and have a high viscosity combined with high
glass transition temperatures and decomposition temperatures.
The same diamines have been used in the reactions with the
dianhydrides of 3-phenyl- and 3,6-diphenylpyromellitic acids
(Scheme 10).78 The properties of the polyimides obtained under
the conditions described above are presented in Table 8.

Table 8. The properties of the polyimides 14-19.77-78

Polyimide ijiOg/dlg~ Tg/°C

14
15
16
17
18
19

0.96
4.54
0.70
2.32
1.21
3.15

341

404

r5%/°C(TGA)

N2

565
585
560
557
578
546

air

572
498
501
555
557
467

The dianhydride of 3,6-diphenylpyromellitic acid was also
made to react with />-phenylenediamine, l,4-diamino-2,3,5,6-
tetramethylbenzene, benzidine, 4,4'-diamino-3,3',5,5'-tetrame-
thylbiphenyl, 4,4'-diamino-3,3'-dimethoxybiphenyl, and 4,4'-di-
amino-2,2'-bis(trifluoromethyl)biphenyl.79 The corresponding
polyimides were obtained in two ways — by a two-stage synthesis
(low-temperature synthesis of poly-o-carboxyamides in JV-MP
with subsequent chemical or thermal imidisation) and a single-
stage high-temperature polycyclocondensation in boiling zw-cresol
with isoquinoline as the catalyst. Best results were achieved when
the single-stage process was used.
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Scheme 10 Table 9. Some properties of polyimides having the general formula.79

O

14

15

16

17

18

19

Ph

R = H

R = Ph

Among the rigid-chain polyimides synthesised in this way,
three polymers (based on dinuclear diamines) proved soluble in
w-cresol. It is most likely that the improvement of the solubility of
these polymers is associated with the nonplanarity of the bisphe-
nylene fragments (especially 2,2'-substituted ones).80

The intrinsic viscosities of the polymers soluble in /w-cresol
(Table 9) are in the range 0.91 -2.63 dl g"1 ; these are relatively
low values for rigid-chain polymers. The mass-average molecular
masses of these polymers are 10 000 -12 000.

Fibres have been obtained from the polyimide with trifluoro-
methyl side groups by wet spinning from a hot /w-cresol solution.
The thermooxidative stability of the polyimides synthesised from
4,4'-diamino-3,3',5,5'-tetramethylbiphenyl and 4,4'-diamino-3,3'-
dimethoxybiphenyl is relatively low — thermograms indicate 5%
weight losses in air at 425 and 440 °C respectively. The low
thermal stability of these polymers may be associated with the
lack of resistance of the methoxy and methyl groups to oxidation.
The thermal stability of the same polymers under nitrogen is much
higher (the thermograms indicate 5% weight losses at 475 and
520 °C respectively in this instance). The presence of trifluorome-
thyl side groups in polyimides increases the thermooxidative and
thermal stabilities of the polymers. Thermograms indicate a 5%
weight loss at 585 °C in air and under nitrogen.79

The rigid-chain polypyromellitimide 20 was obtained from
2)6-di(p-aminophenyl)-l,7-diphenylbenzo[l,2;4,5']biimidazole81

by high-temperature polycondensation in phenolic solvents
(Scheme 11). Despite the presence of phenyl substituents, the
polyimide 20 hardly dissolves in organic solvents. A polymer with
a better solubility was synthesised by the interaction of the same
diamine and the dianhydride of naphthalene-l,4,5,8-tetracar-
boxylic acid.81 The resulting polynaphthylimide 21 dissolved not
only in sulfuric but also in trifluoroacetic acid as well as the
tetrachloroethane — phenol mixture. The ready solubility of the
polyimide is combined with a high viscosity of the solution and a
very high glass transition temperature and decomposition tem-
perature (540 °C).

Polynaphthylimides have a series of advantages over poly-
phthalimides (for example, they are more stable under conditions
of hydrolysis and thermolysis),82 so that investigators have
devoted much attention to the synthesis of soluble polynaphthyl-
imides. The most significant and to some extent unexpected result
was obtained in the synthesis of the polyimide from the dianhy-
dride of naphthalene-l,4,5,8-tetracarboxylic acid and an asym-
metric diamine — 2-(p-aminophenyl)-5(6)-aminobenzimidazole
in accordance with Scheme 12.83
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Scheme 11

MeC«H»OH,

nH2N-

Despite the absence of substituents of any kind in the diamine and
the dianhydride, the reaction occurred homogeneously and led to
the high-molecular-mass polymer 22 (M = 120000),84 which is
soluble (before isolation from the reaction solution) in phenolic
solvents. The polymer 22 is moderately rigid — its Kuhn segment
is 320 A.84 Strong and elastic films have been cast from the
reaction solutions of the polyimide 22 (Table 10). After heat
treatment at 140 °C for 12 h with subsequent maintenance in
vacuo at 250 °C for 3 h, the properties of the films improved and
after stretching the tensile strength was 930 ± 10 MPa and the
modulus of elasticity was 20 ± 1 GPa.

H2N.

Solv

22

PhCOOH (200°C)

Table 10. The properties of a polynaphthylimidobenzimidazole film
(polyimide 22).83

Test specimen ff/MPa £(%) 10- 3 £/MPa

Film after casting 320±10 25±5 4.5±0.5
Film after heating 470±10 35±5 4.6±0.5
(140 °C/12 hand
250 °C/3 h in vacuo)
Stretched film 930±10 8±1 20±l

The partial replacement of 2-(p-aminophenyl)-5(6)-amino-
benziniidazole by benzidine led to a polymer with a larger Kuhn
segment and a greater strength and modulus of elasticity (Table
II).85

Table 11. The properties of copolymers having the general formula85

—Ar2

<r/MPa 10- 3 £/MPa
(H2SO<)

0
5
10
15
20
20
25
30
30

9.8
11.5
13.0
8.9

11.2
11.2
9.4

15.3
15.3

320±10
384±21
443±9
417±19
446±19
1174*
418±14
418±33
1500"

25±5
17±4
17±1
17±2
17±2
4 a

20±4
20±4
4>

4.5±0.5
10.0±0.5
12.9±0.5
12.0±0.8
15.2±1.6
29.9"
10.7±0.3
10.4±0.2
38.0 a

* Data for oriented (60%) films are presented.

IV. Conclusion

The data considered above indicate considerable advances in the
chemistry and technology of the flexible- and rigid-chain poly-
imides achieved during recent years. Novel methods of synthesis
of various bifunctional and tetrafunctional aromatic monomers
have been developed and the reactions involving the formation
from them of high-molecular-mass polyimides have been inves-
tigated. Certain polyimides are of practical as well as academic
interest. Further development of this field of polymer chemistry
makes it possible to hope that new results will be obtained in the
immediate future.
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Abstract. The catalytic properties and the mechanism of activa-
tion of phthalocyanines in reactions with participation of hydro-
gen are examined. The mechanism of the catalytic action of
phthalocyanines is discussed. Two types of active centres
('metallic' and 'organic') are distinguished in the phthalocyanine
molecule. Problems associated with the fixation of phthalocya-
nine catalysts on carriers are considered. The bibliography
includes 120 references.

I. Introduction
Phthalocyanines (Pc), which are structural analogues of chloro-
phyll and haem, were discovered in the 1920s.1 The complexes of
phthalocyanines with alkali and alkaline earth metals contain the
metal in an ionic form and may be decomposed by acids and even
water, whereas transition metals in complexes with phthalocya-
nines, which form a covalent bond, are, on the other hand,
surprisingly stable.2 Phthalocyanines possess a number of unus-
ual properties and have found various applications.3"5

The first information about the catalytic activity of phthalo-
cyanines6 appeared in 1938. In the course of the succeeding 55
years, metal-phthalocyanines (PcM) have been used as catalysts of
the oxidation of aromatic hydrocarbons7"20 propene,21"24 alde-
hydes,25 acids,25-26 alkenes6-27 alcohols8-28 ketones29 sulfur-
containing compounds,30"34 and nitrogen35 and carbon36

oxides, of the dehydrogenation of alcohols37"42 and hydrocar-
bons,43"47 of photodehydrogenation,48 of the decarboxylation of
carboxylic acids,49 of the decomposition of peroxide com-
pounds,50"62 hydrazine,14163164 and formic acid,65 of isomerisa-
tion,7 of polymerisation,50 of the ortho-para conversion of
hydrogen and deuterium exchange,66 of the reduction of nitrogen
oxide with hydrogen67"69 and with carbon monoxide,67-70 of
electrochemical processes,71 and of the reduction of organic
compounds.37' 72~79
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II. The structure of phthalocyanines
The structure of phthalocyanines was first considered by Dent et
al.80 It was shown by X-ray diffraction81-82 that metal-phthalo-
cyanines have planar molecules.

Both crystalline a- and ^-modifications of phthalocyanines
exist.83-M The mutual phase transitions of the a- and P-forms
occur on boiling in acid and organic solvents and also as a result of
mechanical and thermal influences. The hypsochromic shift of the
IR absorption band of phthalocyanine molecules at 720-
730 cm"1 is regarded as a sign of the a-+ P transition.84 In a
mixture of the a- and P-forms, this band is split. The distance
between the molecules in the crystals of both modifications are the
same (Fig. 1), but the orientations of the molecules relative to the

Figure 1. Arrangement of the molecules in the crystals of a-PcM (a) and
P-PcM (6).
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crystallographic axes different.85 In the P-form, the metal atom of
the chelate unit coordinates the nitrogen atoms of the neighbour-
ing molecules, which serve as extra-ligands relative to the complex
forming metal (Fig. 1). The higher stability of the P-form is
attributed to the interaction between the metal atom and the
nitrogen atoms of the neighbouring PcM molecules.86 The differ-
ent crystalline modifications of PcM can therefore exhibit differ-
ent catalytic activities.

m . The catalytic activity of phthalocyanines and
the mechanism of their activation
By virtue of their high chemical stability,66 phthalocyanines can be
used as model substances under conditions including catalytic
investigations.

The wide variety of the reactions catalysed by metal-phthalo-
cyanines87 apparently reflect the characteristic features of their
structure. As a consequence of their planar structure and the
presence of an extensive electron conjugation system, the phtha-
locyanine molecules are fairly mobile and are capable of being
coordinated to substrate molecules.

In the phthalocyanine molecule, it is possible to distinguish
two types of active centres: the 'metallic' centre incorporating the
complex forming metal and the 'organic' centre.88 The latter
includes the nitrogen atoms of the azo-bridges, which have an
enhanced electron density. The application of quantum-chemical
calculations89-90 made it possible to determine the electron
populations and the effective charges of the individual atoms in
the phthalocyanine molecule and to discover the presence of
donor and acceptor centres. The electron populations of the
different atoms in the PcCo molecule are characterised by the
following values:89

N(5o)

5.148 3.927

C(2)

3.995

C(2>)

4.031

C(22) N(5)

4.041 5.179

It follows from these data that the nitrogen atoms behave as
electron-donating centres. The effective charge on the cobalt atom
(+0.359) indicates the interaction of the orbitals of the organic
ligand with the atomic orbitals of the metal and electron transfer
between the metal and the it-electron system of the ligand. Either
the metal or the organic ligand or both centres simultaneously
exhibit a catalytic activity in various reactions.8 The catalysis by
metal-phthalocyanines is influenced by the number of electrons in
the 3dHs2 atomic orbitals of the metal and in the molecular
orbitals of the ligand.91

Gudkov 4 7 put forward the hypothesis that O2 may be
coordinated to PcCo via the central metal atom and the organic
ligand. The shielding of the central atom by ligands, for example
by pyridine,92"94 in the axial position hinders the binding of O2 to
the metal of the chelate unit9 5 and hence alters the catalytic
activity of PcM in oxidation reactions. The decisive role of the
central metal atom in catalysis has been confirmed experimen-
tally.6- 14 The bond in the PcM—O2 complex is formed as a result
of electron transfer both from the n orbital of oxygen to the d#
orbital of the metal and by the electron transfer in the opposite
direction—from the dn orbital of the metal to the antibonding n*
orbitals of oxygen; the first process predominates.37

EPR and electronic spectroscopic data have led to the
conclusion that O2 is coordinated to the organic part of the
metal complex of phthalocyanine.96-98 Judging from the nature
of the spectrum in the visible region,97 one may postulate the
coordination of O2 to a ring nitrogen atom. The change in the
nature of the EPR spectrum of phthalocyanine in the presence of
O2 9 9 made it possible also to put forward the hypothesis that
oxygen interacts with the central metal atom. However, oxidation
of the organic ligand by the metal ion can yield the same results.
Thus both the 'organic' and the 'metallic' active centres may be
catalytically active.

The studies of the mechanisms of the PcM-catalysed reactions,
for example the mechanism of the dehydrogenation of isopropyl
alcohol in the presence of complexes of phthalocyanines with
transition and nontransition metals, where the metal atom may be
shielded, are of undoubted interest.40-42-10° It has been suggested
that the isopropyl alcohol molecule is activated on the 'organic'
active centre. The coordination centre in the organic ligand is the
bridging N(5) nitrogen atom, which has a lone pair and forms a
bond with the hydrogen atom of the hydroxy group:

CH3

H3C—HC.
O

H

CH3

H 3 C—C-O

8+ 8 -
X=N(5)

H3C.
:c=o
H-H

The role of the metal of the chelate unit is to ensure electron
transfers via the central atom of the PcM molecule.

The dehydration of isopropyl alcohol requires two-centre
coordination, where the oxygen atom of the hydroxy group
transfers its electron to the metal atom, while the hydrogen atom
of the methyl group forms a bond with the nitrogen atom of the
chelate unit.

H2C—CH—CH3

,H OH

H2C—CH—CH3

H OH

/ I
>r(5a)~M~-N(15<

H2C=CH—CH3

—*- H—OH

>t(5o)—M-N(15o)C;

Thus the metal atom may be either an electron acceptor or
donor and this determines the specificity of the activity of the
PcM.

In the decomposition of formic acid to H2 and CO2 on the
P-forms of Cu-, Fe-, Co-, Ni-, and Zn-phthalocyanines at
200-300 °C, zero order with respect to the substrate was
observed in all cases, while the apparent activation energy was
80-100 kJ mol"1.101 Thus the nature of the central metal atom
did not affect the process. Moser and Thomas7 believe that the
chelate unit, the CH groups of the benzene rings, the nitrogen
ffieso-atoms, and the carbon atoms of the pyrrole rings may be
reactive. Depending on the type of reaction catalysed, the catalytic
activity may be exhibited under certain conditions by either one or
several of these centres at once.

IV. Reactions with participation of hydrogen
The available information about the reactions with participation
of molecular hydrogen catalysed by metal-phthalocyanines is
extremely limited.66-l02-103 It has been suggested66 that in the
ortho-para conversion of hydrogen and in deuterium exchange
on PcCu and PcH.2, the H - H bond may be dissociated both
heterolytically, i.e.

H2 —*• H + + H - ,
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or homolytically, i.e.

H2 —*• 2H".

The second pathway appears more probable.

Reaction £/kJmol-

PcH2 PcCu

o-H2 24 21

42

The apparent activation energies for the ortho-para conver-
sion of H2 on monomeric and polymeric PcCu are not the same.
The polymeric form is capable of desorbing hydrogen in the ratio
Cu: H = 1:1, which permits ready diffusion of hydrogen through
the polymer.66 An increase in the conjugation length on passing
from the monomeric to the polymeric phthalocyanine may lead to
the equalisation of electron density over the entire PcM molecule,
which is accompanied by a decrease in the effective charges on the
central metal atom and the organic ligand.

In the related cobalt-tetraphenylporphyrin-TiC>2
(CoTPP/TiCb) catalytic system,67 the porphyrin ring serves as
the adsorption centre for hydrogen.

The study of the adsorption of hydrogen on the pre-evacuated
CoTPP/TiO2 and H2TPP/TiO2 showed that H2TPP/TiO2 and
CoTPP/TiO2 adsorb 13.5 and 19.6 mmol of H2 per gramme of the
catalyst under comparable conditions. This led to the indisputable
conclusion that hydrogen is activated by the 'organic' active
centre. The study of the kinetics of the reduction of NO on
CoTPP/TiO2 confirmed the dissociative nature of the adsorption
of hydrogen.67 Fig. 2 shows that nitric oxide is activated by the
central metal atom.

NO

N—O

NO,H2

T1O2

J — organic ligand

Figure 2. Schematic illustration of the reduction of NO on CoTPP/TiO^

The study of the hydrogenation of ethyne by a metal
tetrahydroborate in the presence of sulfonated CoTPP led to the
conclusion that ethyne is activated on the central metal atom.72

The following scheme has been proposed for the hydrogen-
ation of allyl alcohol on PcNi at 100-300 °C:104

H2C=CH—CH3

t
H2C=CH—CH2OH

H2C=CH—CHO H3C—CH2—CH2OH

H3C—CH2—CHO —*- H3C—CH2—CH3.

Other pathways leading to the conversion of allyl alcohol, for
example directly into propene, are not taken into account in the
above scheme.

In addition, the hypothesis has been put forward that hydro-
gen is activated on the nitrogen atoms of the PcM molecule.104 It
was later confirmed by other investigators with the aid of
adsorption methods.67 The independence of the activation of
PcM in the isopropyl alcohol dehydrogenation reaction of the
nature of the central atom105 led to the conclusion that the
nitrogen atoms of the azo-bridges participate in the activation of
isopropyl alcohol.

Thus molecular hydrogen may be activated on both the
'metallic' and 'organic' active centres of metal-phthalocyanines
and metal-porphyrins. The results of the study of the hydro-
genation of acetylenic alcohols on modified palladium catalysts
and carriers led to the hypothesis that the C = C bond is activated
on the 'organic' centre, while hydrogen is activated on the
metal.106

V. Phthalocyanines on carriers
Covalent binding, coordination in the axial position, adsorption
methods, and direct synthesis on the carrier surface were used for
the fixation of metal-porphyrins, including phthalocyanines, on
oxide carriers.95 The last two methods are most widely used.

In order to increase the catalytic activity of metal-phthalocya-
nines and to facilitate the control of the selectivity of the reactions,
the fixation of PcM on various carriers is resorted to.95-103> 105~108

This prevents the aggregation of the complexes and makes it
possible to achieve molecular dispersion.

A fivefold increase in the catalytic activity of cobalt-phthalo-
cyanine in the oxidation of 2-mercaptoethanol after the fixation of
the catalyst on the polymeric carrier was noted.109 The immobi-
lisation of H2TPP in a polymer matrix is used for the same
purposes.

The catalytic activities of monomeric and polymeric phthalo-
cyanines, deposited on carbon carriers, in the decomposition of
H2O2 depend on the nature of the complex forming metal and on
the characteristic features of the carrier.103 The activity of the
monomeric phthalocyanines decreases in the sequence
Os » Fe > Ru > Pt > Pd, Ir, whilst that of polymeric ones dimin-
ishes in the sequences Fe > Co » Ni > Cu and Fe > Os, Pt,
Ru>Ir, Rh, Pd.

Oxide carriers with a high chemical and thermal stability are
widely used for porphyrins.95-107

The selective hydrogenation of C5, C15, and C2o acetylenic
alcohols in the presence of PcM (M = Pd, Ni, Cu, Co), deposited on
oxides (A12O3, SiO2), has been investigated76 varying the nature of
the solvent, the PcM deposition method, and the amount of the
active component in the carrier. The overall scheme for the
hydrogenation process can be represented as follows:

-CH— C==CH

OH

H2 - C H [-CH=CH2
H2

OH

OH

The alcohol dehydrogenation and dehydration reactions take
place together with the reactions shown above.

In order to elucidate the influence of the nature of the solvent,
a study has been made of the hydrogenation of a C ]5 acetylenic
alcohol in solutions in isopropyl alcohol, methanol, and hexane
(0.4 M) in the presence of PcNi/SiO2 (5% Ni).77 The catalyst was
prepared by the preliminary impregnation of SiO2 (specific
surface 200 m2 g - 1 ) with an aqueous NiCl2 solution and subse-
quent treatment with phthalonitrile vapour (250-320 °C), dry-
ing, and thermoevacuation. The selectivity and activity of the
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catalyst obtained in this way as regards the formation of the Cis
ethylenic carbinol were found to be a maximum in hexane and a
minimum in methanol.

The influence of the nature of the solvent on the heteroge-
neous catalytic system is determined by a whole series of factors.
The solvent is adsorbed on the catalyst, altering the free energy of
the surface and its charge,110 which may affect the mode of the
reaction and its selectivity. The solvation constants, the adsorp-
tion coefficients, and the rate of conversion of the intermediate
surface compound into the reaction products depend on the
nature of the solvent.111 The adsorption from solutions is
competitive in character and the adsorption of substrates can
therefore be greatly influenced by the ability of the solvent to form
coordinate bonds with the catalyst.76

Not only the activity of the catalyst in the reactions involving
the hydrogenation of the C = C bond of acetylenic alcohols but
also the mechanism of the catalytic activity depend on the method
used to deposit PcM on the oxide (from concentrated H2SO4 or
benzene). Catalysts obtained by depositing Co-, Cu-, and Ni-
phthalocyanines from solutions in H2SO4 accelerate the reduction
of acetylenic alcohols to the same extent. The catalysts prepared
by fixation on a carrier of a PcM from a solution in benzene and
those obtained from phthalonitrile can be arranged in the
following sequence in terms of their activity in the synthesis of
ethylenic alcohols: PcPd > PcNi > PcCo.76

The rate of oxidation of propan-2-ol in the presence of PcCo is
higher than in the presence of PcNi.66 It has been suggested that
the catalytically active centre in this reaction is the central metal
atom, as in the hydrogenation reaction.76

Thus, depending on the method of preparation of the catalyst,
different atoms or groups of atoms of the PcM molecule enter into
the reaction complex.

When the PcM/oxide heterogeneous systems are used, it is
necessary, as in the case of metallic catalysts on carriers, to take
into account the interaction between the active component and the
carrier, which not only influences the activity of the catalytic
system but is also capable of altering the mode of the process.

The higher catalytic activity of PcNi/Al2C>3 compared with
PcNi/SiC>2 can be explained by the influence of the carrier on the
active component of the catalyst.76 The Ni 2/?3/2 binding energy
(£b) in the PcNi/AW}} system proved to be lower by 1 eV than in
the initial PcNi (according to a patent,69 Eb = 865.0 eV in this
case).

The catalytic properties of PcCo deposited on silica gel by
direct synthesis on the surface and of PcFe/SiCh obtained by the
joint grinding of PcFe and SiO2105 have been investigated. When
the deposited catalyst is used, the reaction of isopropyl alcohol
involves predominantly dehydration and not dehydrogenation.
This is evidently associated with an increase, as a result of
dispersion, in the number of centres responsible for dehydration
or with the influence of the carrier on the catalytic activity of PcM.
The catalytic activity of PcCo on silochrome, referred to unit mass
of the active phase, is higher by 1 - 2 orders of magnitude than the
activity of crystalline PcCo in the reactions of isopropyl alco-
hol.112

The highest activity of CoTPP in the reduction of CO is
attained when TiO2 is used as the carrier, whereas in the
decomposition of H2O2 the best carrier is NiO.59113 When
CoTPP is attached to TiO2, electron density is transferred from
the carrier to the CoTPP molecule, which is accompanied by the
formation of a radical-anion and a change in the effective charge
on the atoms of the chelate unit. This has been confirmed by XPES
data for the binding energies (expressed in eV) in the CoTPP and
CoTPP/TiO2 systems:

CO 2/J3/2 Co 2pi/2 N \s

CoTPP
CoTPP/TiO2

781.0
780.2

796.4
795.6

397.3
398.6

The EPR spectra of benzene solutions of CoTPP and
CoTPP/TiO2 differ appreciably (Fig. 3 ) . m Comparison of the
electronic absorption spectra of CoTPP in a benzene solution with
the spectra of CoTPP deposited on SiO2 and TiO2 showed109 that
the use of SiC>2 as the carrier alters the intensity of the absorption
bands (AB), whereas new absorption bands appear when the TiO2

carrier is employed (Fig. 4).

H

Figure 3. EPR spectra of a benzene solution of CoTPP (a) and of CoTPP
deposited on TiO2 (b). The spectra were obtained at - 1 9 6 °C after
evacuation at 20 °C.

X>
S
J
<

400 600 v/nm

Figure 4. Electronic absorption spectra of CoTPP in benzene solu-
tion (a) and of CoTPP deposited on S1O2 (b) and T1O2 (c).

An XPES study of cobalt-phthalocyanine deposited on a
zeolite led to the conclusion that the carrier influences mainly the
nitrogen meso-atoms.69 Instead of the narrow N Is singlet,
characteristic of PcCo, a poorly resolved doublet was noted. The
Co 2/72/3 binding energy hardly changed after the fixation of PcCo
on the zeolite. Hence it was concluded that the nitrogen
meso-Btoms are nonequivalent owing to the protonation of the
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immobilised complexes.95-'I4 The acid centres of the carrier are
protonated:

PcCo + 2H+ = (PcCoH2)
2+-

In the fixation on oxides chemisorbed water molecules may play
the role of the proton-donating species.

Detailed study of the state of the oxygen in the molecular
adduct with PcCo immobilised on aluminium oxide115 showed
that AI2O3 activates specifically the PcCo molecule. The bond
between the complex and the surface is then formed via electron
transfer from the atomic orbital of the metal in the chelate unit to
an unoccupied atomic orbital of a surface aluminium atom.

On passing from the multilayer to the monolayer coverage of
the oxide carrier by the phthalocyanine, the catalytic activity of
the immobilised PcM increases.7* A further tenfold decrease in the
PcM concentration on the carrier results in a low catalytic activity.
It is noted that the molecules of different gases (CO, O2, H2) are
capable of dissolving in the PcM crystal lattice.66

One of the authors of the present review investigated the
kinetics of the hydrogenation of C5 and C20 acetylenic alcohols on
PcCo/SiO2 (0.2% of PcCo deposited from solution in sulfuric
acid) and PcNi/Al2O3 (0.2% of Ni deposited from solution in
benzene).75 On PCC0/S1O2, the dependence of the half-reaction
time (TO.S) for ethynyldimethylmethanol (a C5 acetylenic alcohol)
on q = Co/Cc, where Co is the initial alcohol concentration and Cc

the catalyst concentration, passes through a minimum. The power
exponent n is — 0.7 and 0.2 respectively for the left- and right-hand
branches of the T0.5 ~ q" relation. The half-reaction time is directly
proportional to the initial concentration of ethynyldimethyl-
methanol.

In order to specify more precisely the site where H2 is located
in the PcM molecule, sorption studies were performed.76 The
measurements were carried out in solution in hexane at 100 °C.
After the introduction of the adsorbent into the reaction volume
with vigorous stirring sorption of H2 was observed. The amount
of nickel-phthalocyanine corresponding to 1 g of PcNi/Al2O3 is
capable of absorbing 0.4 x 10"4 of a mole of H2 (Table 1). On
dividing this figure by the number of moles of nickel in the same
gramme of PcNi/Al2O3 (this is equal to 0.35 x 10~4 of a mole), we
obtain —1.18. Thus it is possible to postulate that the H2 molecule
binds preferentially to the central metal atom.

Table 1. The adsorption of hydrogen on AI2O3 and PCN1/AI2O3 at 100 °C.

Adsorbent

A12O3

PcNi/Al2O3 (0.2% Ni)

PcNi/Al2O3 (0.2% Ni)
in the presence of pyridine a

/MPa

0.1
0.1

10.1
0.1

Amount of absorbed
hydrogen, 104 K/mol g - 1

1.07
1.47
2.09
0.82

•The amount of pyridine introduced was 8 x 10~5 mol.

In order to test this hypothesis, the Ni atom in PcNi was
shielded with pyridine. The pyridine-treated PCM/AI2O3 sorbed
hydrogen less effectively than the carrier. It is known that the
pyridine introduced into the system forms an axial coordinate
bond with the metal atom in the chelate unit and behaves as an
electron donor in relation to the latter.92-93 The latter factor
suggests that, like the oxygen molecule,41 the hydrogen molecule
can behave as a ligand in relation to the central metal atom.

The interaction of the components of the reaction system with
the nitrogen atoms of the pyrrole rings may abolish the influence
of the nature of the central metal atom. For example, as a result of
the strong effect of the carrier on the metal, the latter may lose the
capacity to participate in the activation of hydrogen. Since PcNi/
AI2O3 sorbs more hydrogen at an elevated pressure than at

atmospheric pressure (Table 1), one may postulate the coordina-
tion of H2 also to the organic ligand. The retardation of the
hydrogenation of the C5 and C20 acetylenic alcohols at
Pn2 > 8.1 MPa was accounted for by this factor.

The IR spectra of the initial PcNi/Al2O3 (0.2% Ni) catalyst
contain absorption bands characteristic of the surface OH groups
of aluminium oxide.76 After treatment with hexane at 100 °C and
PH2 = 0.1 MPa, these bands disappeared as a result of the adsorp-
tion of hexane on the carrier.116 In the IR spectrum of the
hydrogen-treated specimen, absorption bands appeared at
1680 cm- 1 and those at 1090 and 1165 cm- 1 intensified
(Fig. 5). Using the principle of group frequencies as a guide, the
former absorption band was assigned to the vibrations of the
C = N bond and the last two bands were assigned to C - N
vibrations, although much caution must be exercised when this is
done in relation to a chelate ring. The facts presented indicate that
contact between the catalyst and the solvent under hydrogen
weakens the interaction of the phthalocyanine ligand with the
central metal atom. This may be associated with the transfer of
electron density from hydrogen to the metal atom.

1000 1100 1200 1600 1700 v/cm"

Figure 5. IR spectra of PcNi/AkCb: (a) initial specimen; (b) specimen
obtained after contact with H2 in hexane; (c) after successive treatment
with hydrogen on the C20 acetylenic alcohol; (d) after successive treatment
with hydrogen and the Cs acetylenic alcohol; (e) after treatment with
pyridine; (/") after treatment with the C20 ethylenic alcohol (7) or after
successive treatment with pyridine and the C20 acetylenic alcohol (2). Only
those parts of the spectra are illustrated where a difference was observed
between the specimens. The specimens for analysis were prepared as mulls
in liquid paraffin.

In order to test this hypothesis, PCN1/AI2O3 was treated with
pyridine which is an electron-donating extra-ligand in relation to
the metal atom, after which an absorption band appears in the IR
spectrum at 1665 cm" '. This band was also assigned to the C = N
bond vibrations, the intensity of which increases as a result of the
coordination. After successive treatment of PCN1/AI2O3 with
hydrogen and with a C20 acetylenic alcohol, a decrease in the
intensity of the 1680 cm"1 absorption band was observed,
whereas the replacement of the C20 by the C5 alcohol resulted in
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the complete disappearance of the absorption. This suggests that
acetylenic alcohols with a shorter chain are adsorbed more
effectively on phthalocyanine catalysts, i.e. the series based on
the adsorption capacity of alcohols, which they exhibit in relation
to modified palladium catalysts, is, as it were, reversed.117 In
addition, the acetylenic and ethylenic C20 alcohols coordinated to
the catalyst absorb at 1100 cm- 1 . The 1100 cm- 1 absorption
band is characteristic of the vibrations of the C - O bond in
tertiary alcohols.118 Such coordination of alcohols promotes the
occurrence of the dehydration reaction together with hydrogen-
ation.

In order to elucidate the centre for the interaction of the
acetylenic alcohol with PcNi, the heterogenised catalyst was
treated in succession with pyridine and the C20 acetylenic
alcohol. This resulted in the disappearance of the absorption at
1665 cm"1 . The nickel in the specimen treated in this way was
shielded by pyridine and the substrate could be coordinated only
to the organic ligand in the PcM, namely to the nitrogen meso-
atoms. After treatment with pyridine, the catalyst did not exhibit
an activity in the hydrogenation of the C20 acetylenic alcohol at
100 °C and ,PH 2 =0 .1 MPa. This can be explained by the impos-
sibility of activating hydrogen on such a catalyst.

No changes are observed after the adsorption of substrates in
the IR spectra of the PcCo/SiO2 catalyst prepared by the
adsorption on SiC>2 of cobalt-phthalocyanine from solution in
concentrated sulfuric acid. This is caused mainly by the low PcCo
concentration (0.2%) on the carrier surface. At this PcCo
concentration on the silica gel surface (specific surface
26 m2 g - 1 ) , the coverage should amount to ~ 15% of the mono-
layer coverage and should consist of isolated patches. We may
note that even for the 1.5-layer coverage, the molecular PcCo is
deposited nonuniformly on silica gel.105

The apparent activation energy for the hydrogenation of the
C20 acetylenic alcohol on PcCo/Si02 was approximately 2.3 times
smaller than for the hydrogenation of the Q acetylenic alcohol,
which has been attributed to the different adsorption capacities of
these alcohols.

Thus it has been established by kinetic, adsorption, and IR
spectroscopic methods that hydrogen and the acetylenic alcohol
are coordinated at different active centres of the immobilised
metal-phthalocyanine. The conversion of acetylenic alcohols on
phthalocyanine complexes of metals, attached to oxide carriers,
can be represented by the following scheme:

CH3 CH3
I ( « )H, I

R—CH2-C—CsCH ^=£= R—CH2-C—CH=CH2
I - H a I

OH
(A,)

(e) I - H 2 O

CH3

R—CH=C—C=CH

OH
(A,)

(6)H2|f -I

CH3

R—CH2-C—CH2-CH3.

OH

If it is supposed that hydrogen and the substrate are activated
on different active centres (Z and Z'), then reaction (a) should
include the following stages:

A, + Z' = ± : A,Z',

H2 + Z' =^= H2Z,

H2Z=^= 2H + Z,

(1)

(2)

(3)

where A, is the substrate and Ki,Km, and Kn are the equilibrium
constants of stages (1), (2), and (3) respectively. The surface
reaction must be reversible:

(4)

(5)' =^= A, + Z \

where fct and fc_4 are the forward and reverse rate constants for
stage (4) respectively, whilst Kj is the equilibrium constant of stage
(5). It is assumed that stages (1), (2), (3), and (5) are fast.

In addition account must be taken of the adsorption of the
solvent (hexane) on the carrier and on the PcM.

It is postulated that the substrate and the solvent are adsorbed
on the same active centres Z':

Solv + Z' =^=SolvZ',
k

(6)

where Solv is the solvent and k& and fc_6 are the forward and
reverse rate constants for stage (6).

If account is taken only of the adsorption of the solvent and
the occurrence of stage (5) in the reverse direction is neglected,
then the rate of the reaction under static conditions can be
described by the following kinetic equation:

where Co , CH , and Csotv are the concentrations of the acetylenic
alcohol, hydrogen, and the solvent respectively and ZQ is the total
number of active centres for the adsorption of the substrate or the
solvent.

If the catalyst concentration Cc is constant and the hydro-
genation takes place in concentrated solutions, account must be
taken only of the adsorption of the acetylenic alcohol. The rate of
reaction can then be represented in the form

The above investigation led to the development of a procedure
for the preparation of ethylenic alcohols having the general
formula

CH3

R—C—CH=CH2,

OH

CH(CH3)2(CH2)3CH(CH3)(CH2)3CH(CH3)(CH2)3-,
CH(CH3)2(CH2)3CH(CH3)(CH2)3-, or

R

by the hydrogenation of the corresponding acetylenic alcohols in
the presence of PcM on A12C>3 or SiO2 in an organic solvent.76 The
yield of the ethylenic alcohols reaches 99.2% -99.8%.

The following general features are characteristic of the
selective hydrogenation of acetylenic alcohols on PcM immobil-
ised on inorganic carriers: (a) the process takes place via an
intermediate heteroligand complex (solvent-substrate-hydro-
gen-catalyst-carrier)119 which has a 'multistory' structure;
(b) the nature and amount of the components of the complex
influence the catalytic activity of the PcM and the process
selectivity; (c) the reactants are activated on different active
centres ('metallic' and 'organic'). The catalytic system under
discussion should be regarded as homogeneous-heterogeneous,
which is confirmed by the nonlinear relations between the rates of
the reactions and the ratio of the concentrations of the compo-
nents of these reactions.
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By virtue of their unusual properties, metal-phthalocyanines
are promising catalysts of many processes.103 The immobilisation
of the PcM on carriers makes it possible to achieve the maximum
catalytic activity per unit mass of the active phase and to regulate
the mode of reaction of the substrate. The catalytic activity
exhibited by both the central metal atom and the atoms of the
organic ligand in the PcM confirms the hypothesis120 that
'organometallic' active centres are formed on deposited palla-
dium catalysts and that the substrate and hydrogen are activated
separately on centres of different nature.
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Abstract Comparative characteristics of methods for the process-
ing and detoxification of organohalogen waste are described. It is
shown that the catalytic hydrogenolysis method is the most
promising. Numerous catalytic systems used for hydrogenolysis
are examined, the influence of the dispersity of the catalysts on
their activity is discussed, and data concerning the kinetics and
mechanisms of these reactions as well as the possible elementary
reactions occurring on the catalyst surface are analysed. Also
discussed are the factors determining the reactivity of the C-Hal
bonds in the hydrogenolytic reactions. The bibliography includes
159 references.

I. Introduction
One of the most acute problems in the creation and organisation
of low-waste ecologically safe industries producing organohalo-
gen compounds involves the processing and detoxification of the
waste. An unpleasant feature of this waste is that in almost all
cases they are xenobiotics, i.e. products which have no analogues
in nature, and there are no natural means of combating them. On
the other hand, not all the procedures for the conversion of
organohalogen compounds can be used for their utilisation and
detoxification. The severe ecological and economic limitations
imposed on modern industries producing organohalogen sub-
stances give rise to a series of requirements as regards procedures
for the treatment of waste from these industries. Such require-
ments include the renewability of the carbon-containing raw
materials or a high commercial value of the products formed, the
economic viability of the treatment, a high degree of conversion,
the universality of the procedure, and the lack of toxic substances
among the products. The prospects for the development of
methods for the processing of organohalogen waste should be
considered in the light of these requirements.
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II. Comparative characteristics of the methods for
the processing and detoxification of organohalogen
waste
A large proportion of the existing methods for the processing and
detoxification of waste from industries producing halogen-con-
taining substances have to some extent exhausted their possibil-
ities. In particular, the disruptive effect of tetrachloromethane on
the Earth's ozone layer, discovered in recent years,1-2 gives rise to
the problem of gradually winding-down the output of industrial
chlorolysis, which is a source of this product together with
tetrachloroethene. This requirement of the Montreal Protocol3 '4

is not excessive, since the existing industrial capacity greatly
exceeds the need for tetrachloroethene,2'5-6 while better technol-
ogies have been developed for alternative industrial processes for
the production of this substance.5-7

The method for the detoxification of organohalogen waste
with the aid of thermal combustion is also unsuitable nowadays,
since it leads to the formation of highly toxic products such as
chlorine, nitrogen oxides, phosgene, and dioxins.1-8"11 Further-
more, thermal combustion requires a large consumption of fuel
and gives rise to the irreversible loss of the hydrocarbon raw
material, the evolution of carbon dioxide into the environment,
and rapid wear of the equipment. The effectiveness of the method
for the detoxification of toxic waste in dilute gases is low.1-8"12

The catalytic combustion method is free from the majority of
the above deficiencies.5'8'12-13 However, despite the notable
progress in the development of new catalytic systems for the
combustion of organohalogen waste, the range of substances
susceptible to detoxification remains comparatively narrow.8'14

Evidently this method cannot be regarded as promising, since the
irreversible loss of raw material resulting from its application does
not conform to the concept of low-waste technologies.

The gas-phase thermal and catalytic dehydrochlorination
processes are more attractive1 '5-8 '15-17 because they lead to the
possibility of the transformation of organohalogen waste into
useful products. However, the range of practical applications of
these methods is significantly limited, which is associated either
with the lack of demand for the dehydrochlorination products or
with the impossibility of achieving the process in principle. In
particular, chloromethanes, chlorobenzenes, and chlorobiphenyls
cannot serve as the dehydrochlorination objects.

Hydrodehalogenation or hydrogenolysis may be regarded as
the most universal and promising method for the treatment and
detoxification of organohalogen waste.1-2-6 '9-12-18-56 Together
with ecological safety, it ensures in many instances the regenera-
tion of the initial raw material, which may open a path to the
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creation of low-waste technologies.1' The regeneration of the raw
material from the waste in the industrial production of vinyl
chloride and chlorobenzene can serve as an example,55-57'58

chlorobenzene itself being regenerated in the latter case.23-57"59

In certain cases, hydrogenolysis leads to the formation of useful
products which can be used in related industries. Thus the
organochlorine waste from the industrial production of sym-
tetrachloroethane and vinyl chloride based on ethyne may be
subjected to thermal hydrogenolysis with formation of gaseous
ethyne, ethene, and hydrogen chloride.38 After the absorption of
the latter, the hydrogenolysis gases can be combined with the
pyrolysis ethyne and directed to the stage in which pure ethyne is
isolated. If catalytic hydrogenolysis is used in the treatment
designed for the preferential formation of ethane, then the hydro-
genolysis gases formed can be directed, after the absorption of
hydrogen chloride from them, to the natural gas line, which
proceeds to the stage in which pyrolysis ethyne is obtained.
Finally, when the hydrocarbons formed as a result of hydro-
genolysis cannot be returned to the technological cycle, their
employment as a fuel is most rational.10 The likely usefulness of
hydrogenolysis as a detoxification method is emphasised by the
recently published data concerning the conversion of polychlor-
odibenzodioxins, polychlorodibenzofurans, and polychlorobi-
phenyls into ecologically safe products.60

As regards hydrogen chloride, there are two possibilities for its
utilisation. The first consists in the preparation of nongaseous
hydrochloric acid. This procedure is effective in the exhaustive
hydrogenolysis of Ci -C4 organochlorine compounds, since gas-
eous organic products sparingly soluble in water are formed, which
guarantees a high quality of the acid obtained. The second possibility
presupposes the use of hydrogen chloride as the reactant in hydroxy-
chlorination and hydrochlorination processes. This variant is more
suitable for hydrogenolytic processes in which liquid organic
products are formed: in this case, the hydrochloric acid formed on
absorption of gases is contaminated by organic impurities and there
is no commercial demand for it. An example of the use of recovered
hydrogen chloride as the reactant is provided by the hydroxychlor-
ination of benzene to chlorobenzene.16

The Exxon Company has proposed a very interesting proce-
dure for the utilisation of the hydrogen chloride obtained in the
hydrogenolysis of chlorobenzenes: the hydrogen chloride is
extracted from the reaction products treating them with triethyl-
amine61 and the resulting salt [HN(C2HS)3]C1 is treated with
aqueous alkali:

[HN(C2H5)3]C1 + NaOH N(C2HS)3 + H2O + NaCl.

This regenerates triethylamine, which is returned to the techno-
logical cycle. Evidently this version of the binding of hydrogen
chloride is most effective if the production of organochlorine
substances is combined with the production of chlorine and sodium
hydroxide in which sodium chloride serves as the raw material.

The principal advantage of the hydrogenolytic processes is the
possibility of a flexible selection of the optimum type of treatment
of the waste by varying the process parameters, the catalytic or
initiating system, the reaction medium, and the hydrogen donors.
The practical use of hydrogenolysis for the treatment of waste is
not restricted to halogen-containing compounds and this method
has been tested successfully on nitrogen-, sulfur-, and oxygen-
containing compounds,15-**.«. 62-74 inciuding the processes for
the detoxification of sulfur and nitrogen oxides and CO.75'76 The
importance of the hydrogenolytic processes for the detoxification
of organoelement compounds, the combustion of which leads to
the formation of a series of many highly toxic products, such as

f In the large-scale industrial production of organochlorine substances,
the creation of autonomous treatment plant is economically justified, as
has been done by the Union Carbide Company, which has announced the
organisation of the treatment of waste from the production of vinyl
chloride with a potential output of 10 000 tonnes annually40

CI2, Br2, sulfur and nitrogen oxides, dioxins, etc., giving rise to
new acute ecological problems, must be specially emphasised.

Apart from hydrocarbons, the hydrogenolysis products
include hydrogen compounds of the halogens, sulfur, and nitro-
gen, having distinctly acid or basic properties, which facilitates
their extraction by sorption methods. The universality of hydro-
genolysis as a method for the detoxification of waste has been
confirmed by its effectiveness in the removal of organoelement
impurities from waste water and technological gases.32'40-75'77-80

On the other hand, certain hydrogenolytic processes are of
independent importance as a method of synthesis of valuable
products on an industrial or preparative scale. This applies to the
preparation of fluorohydrocarbons by the hydrogenolysis of the
corresponding chlorofluorohydrocarbons22-36'48 and of nitro-
benzenes from chloronitrobenzenes,81 the synthesis of substi-
tuted anilines,82 the conversion of aliphatic esters into higher
alcohols,83"87 and the synthesis of sterically strained amines,88

purine,49 and other preparations.51 •s2>89'90

There has been an extremely interesting communication about
the use of hydrogenolysis for the isolation of pure m-xylene from a
mixture of m- and /wcylenes.25 The mixture is monochlorinated,
which affords a 90% yield of 2-chloro- and 4-chloro-xylenes. The
latter are readily separated by distillation and are subjected to
further gas-phase hydrogenolysis on a platinum catalyst deposited
on activated carbon.

Finally the possibility of converting freons into ecologically
safe commercial products 4>91~95 is of fundamental importance
for the solution of the global problem of the protection of the
Earth's ozone layer.

m . Hydrogenolytic methods. Prospects for their
development
Hydrogenolysis may be achieved by thermal, catalytic, and
reagent procedures. This classification is to some extent arbitrary
because it does not reflect the entire wide variety of the reactions
underlying these processes. In particular, it is to be expected that
the mechanism of the catalytic action of metals differs fundamen-
tally from the mechanism of enzymic hydrogenolysis 97> 9S and that
the metals themselves can perform various catalytic functions
depending on the type of the hydrogenolytic agent. Evidently the
effect of the majority of metals on gas-phase hydrogenolytic
reactions involving molecular hydrogen is determined by homo-
lytic processes on the surface,30-35> 98~105 whereas the liquid-phase
catalytic reactions occurring on treatment with alcohols and with
formic acid and its salts106-108 involve the transfer of a hydride
anion. Published data concerning the possibility of inducing
catalytic reactions involving the hydrogenolysis of organohalo-
gen compounds by microwave radiation109 constitute yet another
piece of evidence for the multiplicity of these processes. In this
case, the catalyst (iron oxide) accumulates the radiation energy
and transfers it to the chemisorbed molecule of the organohalogen
compound. The latter undergoes homolytic decomposition at the
C-Cl bond and initiates the radical hydrogenolytic process. The
methods involving the electrochemical reduction and reductive
coupling of organohalogen compounds n ° - 1 1 4 may be classified
as reagent methods subject only to certain stipulations.

Among the numerous hydrogenolytic methods, the catalytic
and thermal methods are of practical interest. The reagent
methods, involving the use of expensive hydrogen donors such as
Na + ROH,LiAlH4, Ar3SnH,25'115-117NaBH4,63-118-121 hydra-
zine,80 Zn + protic acid,122 and finely dispersed zinc,123 are only
of preparative importance.

In the present review, attention is concentrated on the
catalytic hydrogenolytic reactions of organohalogen com-
pounds, which are of greatest practical importance and have
been comparatively little investigated. The data on the hydro-
genolysis of organoelement compounds are used only to reveal the
general characteristic features of this group of processes.
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IV. Catalytic systems for hydrogenolysis. The
kinetics and mechanisms of the reactions
Numerous versions of catalytic hydrogenolysis have been
described in the literature. The processes are carried out in both
liquid and gas phases. The choice of catalytic systems is fairly
wide. The vast majority of the reactions take place on Group IB,
VB, VIB, VIIB, and VIII metals, including Pt, Pd, Rh, Ru, Ir, Os,
Ni, Co, Fe, Re, Mn, Mo, W, Cr, V, Cu, Ag, and Au.

The properties of metallic catalysts, namely their activity,
selective action, useful lifetime, etc. can be modified by fusion with
other metals, by the introduction of promoting additives, and by
varying the carrier. Catalytic systems based on the Rh-Ir ,1 2 4

Cu-Rh,1 8 Co-Mo, 4 4 Ni-W, 4 5 Ni-Mo,45-125"128 Pd-Pt ,
Pd-Ga , Pd-Al , Pd-Ru,1 0 1 Pd-Sn, Pd-Pb, Pd-Ge , P d - K ,
P d - F e , P d - C o , andPd-Ag93-100-129 bimetallic alloys have been
proposed. Pd, Pt, Ru, Ir, Fe, Co, Ni, Cu, Cd, Ag, Au, V, Cr, Mo,
W, Bi, Al, Hg, In, Sn, Te, Si, P, As, and Sb,19-24-92-101-130

aluminium, boron, and titanium salts and oxides,24 phosphines
and phosphates,5' 13° alkali and alkaline earth metal hydroxides and
oxides,24'29-127 and phosphonium halides31 are used as promoting
additives to metallic catalysts. The range of carriers for metallic
catalysts is fairly wide, including activated carbon,80'93-130"139

diatomites,18 aluminium oxide125"129'135-136 chromium oxide,135

silicon oxide,9-12-26-39-99'134 iron oxide,135 aluminosilicates,24 cal-
cium carbonate,35 zeolites,43-96 and barium sulfate.52

Copper,23- ^ palladium,137-138 ruthenium, platinum, and rho-
dium 138-139 salts, chromium, iron, aluminium, nickel, and molyb-
denum oxides,60-95-96-140 silicon oxide,9-12-26-39-99 phosphine
complexes of ruthenium rhodium, and iron,91'106-108 and transi-
tion metal coenzymes, namely vitamin B12 (Co), the coenzyme
F430 (Ni), and hematin (Fe)97 merit attention among other
occasionally employed catalytic systems. Vitamin B12 is used
successfully for the treatment of organochlorine waste
(C2H3CI3, C6H6C16, C6H3CI3, C6Cl6, and C2CI4), F430 is
employed for the hydrodehalogenation of C6H5CH2CI,
0-CIC6H4CH2CI, C6H5CH2CH2Br, and />-BrC6H4Br to
C6H5CH3, 0-CIC6H4CH3, C6H5CH3, C6H5CH2CH3, and
C6H5Br respectively by formate anions, and hematin is used in
the utilisation of organoelement waste such as tetrachlorome-
thane, hexachloromethane, cis- and ftww-dichloroethenes, etc.

The theoretical principles underlying the catalytic hydroge-
nolysis of organohalogen compounds have been investigated
inadequately, while kinetic data are scattered and contradictory.
The region in which the reactions occur has been reported only in
rare investigations, which to a large extent vitiates the kinetic data
obtained and casts doubt on the catalytic activity 62'99>141 and
substrate reactivity 30>136 series quoted in the literature. We may
note that in those studies where the region in which catalytic
hydrogenolysis on metals was subjected to a detailed analysis it
was not possible to obtain the kinetic region. Thus the radio-
isotope label method showed that, in the temperature range
193-448 K, the true picture of the chemical interaction on the
surface is distorted by adsorption and diffusion factors.142 Kinetic
analysis of the hydrogenolysis of chlorobenzene and 1,2-dichloro-
benzene on Ni - Mo/y-AI2O3 at 275 - 376 °C indicates that the rate
of reaction is limited by adsorption and desorption processes.

Certain investigations were devoted to the solution of prac-
tical problems — the search for formal mathematical models of
the processes.60-143 However, such models, which are useful for
the design of reaction apparatus and the optimisation of process
conditions, yield little evidence for the interpretation of the
mechanism of the catalytic hydrogenolysis.

Together with the temperature variations of the rates of
hydrogenolysis of ethane, methylamine, and chloromethane, the
structures and dispersities of the catalyst have been investi-
gated.62- 98-141 This made it possible to give the reaction rates and
the pre-exponential factors for a single surface metal atom — the
catalyst active centre. The variations in catalytic activity in the
R e - O s - I r - P t - A u and R u - R h - P d - A g series are attributed

by the authors to the unequal capacities of ethane, methylamine,
and chloromethane for sorption via the C - C , C - N , and C-Cl
bonds on the surfaces of these metals.

However, the results obtained are to a large extent vitiated by
the arbitrary assumptions adopted by the authors. In particular,
one cannot neglect the relation between the activity of a single
surface metal atom and the dispersity of the catalyst: it is well
known that hydrogenolysis belongs to the class of structure-
sensitive reactions, a characteristic feature of which is the depend-
ence of the specific activity on the structure of the reaction
centre.145 The available data indicate a significant influence of
the dispersity of the metallic catalysts on their activity in hydro-
genolytic reactions.65-102-I29-14S-14<

It is hardly correct to determine the activity of the catalysts of
the hydrogenolysis of methylamine from the rates of formation of
methane and ammonia,62 since the authors themselves showed
that at least one other side product — (CH3)2NH, (CH3)3N,
(CH3CH2)2NH, or CH3CN — is formed to an appreciable extent
on the majority of the catalysts which they employed (Ru, Pd, Rh,
Ag, Re, Os, Pt, Ir, Au). Since the contributions of the main and
side reactions depend on temperature, the attempt to determine
the activation parameters does not yield reliable results and the
observed isokinetic relation between the rates of these reactions
cannot serve as an argument in support of a common mechanism
of the hydrogenolysis of ethylamine and the side reactions
complicating it on different catalytic systems.

Finally, the determination of the activities of the catalysts in
the hydrogenolytic reactions of all the compounds investigated,
carried out under the conditions of constant partial pressures of
the substrate and hydrogen, is based on the doubtful a priori
hypothesis that the reaction orders with respect to the reactants
are equal on each catalyst. Furthermore, the presence of extrema
in the catalytic activities presented above may serve as an
indication that the rate-limiting stage of the process may also
vary as a function of the adsorption capacity of the reactant. For a
low adsorption capacity, the rate of reaction may be determined
by the adsorption stage, but the greater the strength of the bonds
between the chemisorbed species and the surface, the higher the
rate of this stage. At the same time, the subsequent interaction of
the reacting species on the surface becomes increasingly more
difficult and in the limiting case it can become the stage which
determines the overall rate of reaction.

The observed dependences of the reactivities of the metals on
their positions in the Periodic Table can be explained also by the
fact that the most favourable geometrical correspondence
between the length of the chemisorption bond and the size of the
unit cell of the catalyst crystal lattice is obtained in the region of
the extremum.147 This point of view, based on the multiplet theory
of catalysis,148 is confirmed by the dominant contribution of the
entropy factor to the change in the specific activity of single atoms
on passing from one metal to another.

The contradictory nature of the data on the kinetics of
hydrogenolysis and on the catalytic activity series reflects, in our
view, the complexity of the test systems due to the specificity of
each catalytic system and the variations in the influence of various
factors on the chemical processes occurring. The proposed
reaction mechanisms are therefore valid only in specific cases
and cannot be extended to other objects of hydrogenolysis.
Nevertheless, from a formal point of view, the hydrogenolysis
mechanisms discussed in the literature may be divided into two
groups. The first group of mechanisms presupposes the adsorp-
tion of the components of the reacting systems on the catalytic
surface, the interaction of the adsorbed species, and the subse-
quent desorption of the products from the surface (the Lang-
muir-Hinshelwood mechanism).65-93-126 This approach has been
used to interpret data on the kinetics of the hydrogenolysis of
/7-chloronitrobenzene to p-chloroaniline on ruthenium and plati-
num catalysts.65-101 A characteristic feature of the proposed
mechanism is the continued adsorption of hydrogen on the
catalytic surface after it has been saturated by the organic
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reactant. According to the authors, the physical preconditions for
this to occur are the presence of free sites on the surface owing to
the strong dipole-dipole repulsion of the polar nitro-groups of
the adsorbed substrate and the small size of the hydrogen
molecules. A similar mechanism has been proposed for the
hydrogenolysis of tetrachloromethane on the Pt/ri-AfeCb cata-
lyst.35 The observed zero order of the reaction with respect to CCI4
and the 0.5 order with respect to H2 was justified by the authors in
terms of the following scheme:

[Hd.* =;
[CCL.U

CCl3(gas) H

CCl3(gas) -

— Pld
=±= CC1:

i-H2(gas) :

HH (gas)

• + I" }

3 (gas) +

fast

fast

ids,

pa*U.

CCl3H(gas) + H'

-** CCl3H(gas).

(gas),

(1)

(2)

(3)

(4)

This scheme presupposes the preferential adsorption of CCU on
the catalyst surface:

CCU(gas)
Pt

[CCUU. (5)

The slight increase in the reaction orders with respect to the
reactants as the temperature increases may indicate that the
kinetics of the process follow the Langmuir-Hinshelwood
mechanism.

Similar kinetic data have been obtained also in a study of the
hydrochlorination of cis- and tronr-dichloroethenes on IH/AI2O3.13S

Although in view of the complexity of the systems investigated the
authors themselves refrained from interpreting their data, one may
suppose that the observed reaction orders with respect to the
dichloroethenes indicate the adsorption saturation of the catalytic
surface by the dichloroethenes and that the reaction order of 0.5
with respect to hydrogen corresponds to the dissociative nature of its
adsorption.

The second group of mechanisms of catalytic hydrogenolysis
is formally based on the analogy of this process with the selective
oxidation reactions of hydrocarbons149 and presupposes the
alternate chlorination and reduction of the catalyst, which
functions as a hydrogen and chlorine transferring agent between
the reactans and the products.99-129 This approach is based on the
mechanism, proposed for the hydrogenolytic reactions of chloro-
benzene on palladium-rhodium and palladium-tin alloy cata-
lysts, which includes the following stages:

Pd-H +

P d - H + HCl(gas)

Pd-Cl + H2(gas)

k2

• Pd-Cl

Pd-Cl + H2,

Pd-H + HCl.

(6)

(7)

(8)

The proposed mechanism is vulnerable to criticism. Firstly,
the use in it of the method of stationary concentrations leads to the
kinetic equation

(9)

, JPH2 . and PHCI are the current partial pressures of
chlorobenzene, hydrogen, and hydrogen chloride respectively.
The equation differs from the experimental equation

r = - (10)

indicating a different dependence of the rate of reaction on the
partial pressure of hydrogen. Secondly, the observed constants

k2 > fc, > fcH,

which follow from the mechanism proposed by the authors, are
inconsistent with the available thermochemical data. Thus one
should expect that the entropies of activation for reactions (6) and
(7) are similar and that the difference between the constants k\ and
k2 should be determined solely by the difference between the bond
dissociation energies DCQHs-H) - DfCgls-CL) = 15.3 kcal
mol-1 and DQ1-H) - Z>(H-d) = 1 kcal mol"1.150 This differ-
ence between the dissociation energies should lead to the inequality
k\» k2, which conflicts with estimates by other workers.99-129

We believe that the kinetic data on the catalytic hydrogeno-
lysis of chlorobenzenes presented above may be interpreted
successfully within the framework of the Langmuir-Hinshel-
wood model. In this case, the parameters km, k\, and k2 of Eqn
(10) reflect the adsorption capacity of the components. Indeed, the
high value of k2 is inconsistent with the high polarity of hydrogen
chloride and its ability to form hydrogen bonds. On the other
hand, the observed dependence of the reaction rate on the partial
pressure of hydrogen reflects the dissociative character of its
adsorption on platinum group metals, which has been confirmed
by numerous experimental data.144-1S1

Analysis of the kinetic data shows that they can be usually
described within the framework of the Langmuir-Hinshelwood
model. The conclusion concerning the dissociative character of
the adsorption of hydrogen on the metal surfaces, which follows
from the proportionality of the rate of the reaction (or the
numerator in the kinetic equation) to P^5, is of fundamental
importance. The relatively low activation energies for the overall
catalytic hydrogenolytic processes (Table 1) is an additional
argument in support of the dissociative adsorption of hydrogen.

Table 1. The activation energies (£/kcal mol"1) for the hydrogenolytic
reactions.

Reaction Catalyst Ref.

CH3CI + H2 —*• CHU + HC1
CH2CI2 + H2 —*• CH3CI + HC1
CH2C12 + 2H2 —*~ CH4 + 2HC1
(CH3)3CC1 + H2 —*• (CH3)3CH+ HC1
(CH3)3CC1 + H2 —*- (CH3)3CH+ HC1
Q5H5CI + H2 —*~ CeHe + HC1
C1HC = CHC1 + H2 —*•

— - H2C = CHC1 + HQ
CH3CH2F + H2 — - C2Hs + HF
CH3CHF2 + 2H2 —*• C2H6 + 2HF
CH3CF3 + 3H2 —*• C ^ s + 3HF

Tifilm
Tifilm
Tifilm
Ptfilm
Pdfilm
Pd/Al2O3

Pt/Al2O3

Pd/C
Pd/C
Pd/C

16.1
13.4
13.3
19.0
18.0
25.0
27.5

12.0
26.0
26.0

102
102
102
104
104
129
136

30
30
30

The fruitfulness of the Langmuir-Hinshelwood model is
confirmed by the fact that it makes it possible to predict the
inhibiting effects of the reactants and reaction products on the
process and to estimate the adsorption capacities of the compo-
nents. The lack of sensitivity of the hydrogenolytic reactions to the
presence of acid active centres in the catalyst is apparently
associated with the high adsorption capacity of hydrogen chlor-
ide: the adsorbed hydrogen chloride molecules themselves func-
tion as such centres and the contribution of the natural active
centres of the catalyst to its catalytic activity becomes negligible.
This may account for the failure of our attempts to modify the
hydrogenolysis catalysts with alkaline reagents.

The elucidation of the nature of the elementary stages in the
hydrogenolysis of halohydrocarbons is assisted by analysis of the
composition of the products and by special studies of the
mechanisms of these reactions. Evidently the substitution of the
halogen by hydrogen requires the preliminary dissociation of
carbon-halogen bonds. The preferential dissociation of these
particular bonds is due to thermodynamic factors, which follow
from the comparatively low C-Hal bond energies150 and high
metal-Hal bond energies. This is in fact the driving force of the
chemisorption of halohydrocarbons. The nature of the dissocia-
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tion of the C-Cl bonds on the catalytic surface has been
investigated in a study102 devoted to the hydrogenolysis of
chloromethane and dichloroethane on titanium, palladium, and
other metallic films. The use of the 13C and 35C1 isotopes made it
possible to establish that the dissociation of the C-Cl bonds is
irreversible. It was shown in the same study that the rate of
deuterium exchange involving chloroalkanes is negligible com-
pared with the rate of hydrogenolysis. A similar result had been
obtained earlier in a study of the hydrogenolysis of chloroethane,
bromoethane, and terf-butyl chloride on sputtered platinum and
palladium films.103-104 The composition of the products formed in
the hydrogenolysis of halohydrocarbons shows that the dissocia-
tion of the C-C l bonds is not accompanied by the synchronous
attack on the latter by an adsorbed hydrogen atom or another
surface intermediate and is an independent elementary stage
leading to the formation of surface radicals. The latter, which
are kinetically independent species, are involved in further inter-
actions, affording various products depending on the conditions
and the type of catalytic system. This is confirmed by the
formation of polymerisation products together with the products
of the direct substitution of the halogen by hydrogen.

The following types of interactions involving the surface
radicals formed as a result of the primary dissociation of the
carbon-halogen bonds are possible.

1. Radical recombination reactions. The possibility of these
interactions is confirmed by the formation of hexachloroethane as
one of the products of the hydrogenolysis of tetrachloromethane
on nickel-zeolite catalysts and Pd-P t , Pd-Ga , Pd-Al , and
P d - R u metallic alloy membranes.43-101 Tetrafluoroethene is
also formed in the hydrogenolysis of difmoromethane on depos-
ited Pd - Fe and Pd - Co catalysts.93 We regard the appearance as a
result of the hydrogenolysis of products containing twice the
number of carbon atoms compared with the initial organic reactant
as a result of the recombination of surface radicals. The observed
discrepancy between the degrees of substitution of the carbon atoms
in the primary fragments formed and in the recombination products
is a consequence of the conversion of the primary fragments into
new surface radicals with the same number of carbon atoms. Thus
the formation of 1,1,1,2-tetrachloroethane as the product of the
hydrogenolysis of tetrachloromethane on Ni-zeolite catalysts43

should be regarded as the result of the recombination of the surface
radicals [CCiy** and [CH2CF ] a d s , the latter being the product of the
conversion of the [CCiyads radical.

2. Reactions involving the elimination of chlorine radical
species. One of the variants of the conversion of the surface radi-
cal [CCI3 ]ads into the radical [CH2Cl*]»ds may involve preliminary
dechlorination with elimination of a chlorine radical species, i.e.

[CCl3"]ads -CT -cr
and the subsequent interaction of the adsorbed fragment with
hydrogen. This view, put forward by Mishchenko and Senina,100

makes it possible to account for the formation of appreciable
amounts of methane even at low degrees of conversion under the
conditions of the hydrogenolysis of tetrachloromethane. Methane
is formed as the dominant substitution product also in the hydro-
genolysis of difiuoromethane.93 Unique data have been obtained in
a study43 where it was shown that the hydrogenolysis of tetra-
chloromethane on Pt/ri-AfeOs leads to the exclusive formation of
chloroform and methane with a constant ratio [CHCy/fCHU] over
the entire range of degrees of conversion. This result apparently
reflects the specificity of the catalytic system employed by the
authors as regards the adsorption and reactivity of the inter-
mediate radicals responsible for the formation of CHCI3 and CH4.
The hydrogenolytic reactions of polyhalohydrocarbons are evi-
dently consecutive in character.19-30-41-136

3. Radical hydrogenation reactions. The hydrogenation of the
surface radicals leads naturally to the formation of hydrogenolysis
products. This has been demonstrated kinetically in studies 93> 102

where an increase in the proportion of the hydrogenolysis

products with increase in the hydrogen concentration was estab-
lished. The participation of the surface radicals in the hydrogeno-
lytic reaction was confirmed directly by the study of the deuteriation
of chloroalkanes.102"104 On the one hand, the isotopic composition
of the alkane formed indicates the structure of the surface radical
involved in the hydrogenation and, on the other, it shows that this
radical is indeed hydrogenated by hydrogen (deuterium).

4. Reactions involving the elimination of hydrogen atoms. By
combining reactions (l)-(3), it is possible to obtain a wide variety
of products of the catalytic hydrogenolysis of halogen-containing
organic compounds. The contribution of the hydrogen elimination
reactions to these processes is in most cases unimportant in view of
the high strength of the C - H bonds.150 Nevertheless, there is direct
evidence for the involvement of these reactions in certain hydro-
genolytic processes. Thus, in a study of the hydrogenolysis of
chloroethane,103 the problem arose which of the two intermedi-
ates, [CHsCHJads or [CH3CH]ads, actually participates in the
process. It was found that, when the hydrogenation is carried out
with deuterium and not hydrogen, the compound CH3CHD2 is
formed as the product. This made it possible to make a choice in
favour of the intermediate [CH3CH]a<Js- Furthermore, this result
confirms the elimination of the hydrogen atom from the inter-
mediate adsorbed species. This possibility has been discussed in
connection with a study of the hydrogenolysis of fluorohydrocar-
bons on a palladium catalyst deposited on activated carbon.30 The
probability of the dissociation of the C - H bonds in these
compounds are significantly higher than in other halo-derivatives
because the C - F bond is characterised by the highest energies.

5. Polymerisation reactions. The occurrence of these reactions
has been confirmed by the formation of polymeric products in
certain catalytic hydrogenolytic processes. Thus, the formation of
a wide range of products from Ci to C4 has been noted in a study
of the hydrogenolysis of the compounds CHBCl4_B on Ni, Co, and
Fe catalysts.21 Polymeric products containing more than two
carbon atoms are formed in the hydrogenolysis of chloromethane
and dichloromethane on titanium films.102 The mechanism of the
formation of low-molecular-mass polymers has been little studied.
One may postulate that this reaction proceeds via the interaction
of surface carbene radicals with monoradicals. The acceleration of
the formation of Ci -C4 hydrocarbons from CO and H2 on Ni,
Co, and Fe catalysts following the addition of the compounds
CHnCLt-n to the reaction mixture shows that the mechanism of
the formation of the low molecular-mass polymers under the
conditions of catalytic hydrogenolysis is similar to the mechanism
of the Fischer-Tropsch synthesis.21

The data on the reactivities of halohydrocarbons in catalytic
hydrogenolytic reactions are fragmentary. Nevertheless, the
results of quantitative investigations permit the conclusion that
the reactivities of different compounds in these reactions and
hence the selectivities of the latter are determined by thermody-
namic, polar, steric, and adsorption factors and also by the
specificity of the catalytic system.

The antiparallel changes in the rate of hydrogenolysis of
different bonds and in the energies of these bonds observed in a
number of instances indicate that the thermodynamic factor exerts
a decisive influence on the reactivities of the compounds and the
selectivities of the reactions. Thus the decrease in the reactivities of
chloroalkanes on a palladium catalyst in the sequence

to7-C4H9Cl»iso-C3H7Cl > n-C3H7Cl > C2H5CI,

is accompanied by an increase in the C-Cl bond dissociation
energies in the same sequence.104 It has also been shown that the
C-Cl bond is more reactive in hydrogenolysis on the Pd/C catalyst
than the C - F bond and that at the same time D(C-C\) <
£>(C-F).152 We may note that the examples quoted are character-
istic of platinum group metals, which do not exhibit a high specificity
in relation to the adsorption of compounds of different nature.

The operation of the steric factor may be due either to the
shielding of the reaction centre by bulky substituents of the
substrates or by the dependence of the degree of accessibility of
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the catalyst active centres on the size of the species being adsorbed.
Thus the inhibiting effect of orf^o-substituents on the rate of
hydrogenolysis of the C-Cl bonds of chlorobenzenes and
chlorophenols is regarded as a result of the blocking effect of
these substituents.153-154 The dependence of the accessibility of the
catalyst active centre on the size of the reactant molecules is
confirmed by the fact that the adsorption saturation of the catalyst
surface by the organic reactant in the hydrogenolysis of
/j-chloronitrobenzene to p-chloroanUine is attained sooner than
saturation by hydrogen.65-im

The role of the polar factor is confirmed by the correlation
between the rates of hydrogenolysis of the C-Cl bonds in para-
substituted chlorobenzenes and polychlorobenzenes in the liquid
phase on Pd/C and the electron-donating properties of the
substituents in the aromatic ring.155 This dependence has been
attributed to the displacement of electron density towards the
chlorine atom of the adsorbed substrate, which renders the attack
on the latter by the electrophilic adsorbed hydrogen atom more
effective. The antiparallel variation of the rate of hydrogenolysis
of the C-Cl bonds and of the electron-donating capacities of the
substituents in the vapour-phase process156 indicates a funda-
mental difference between the mechanisms of the catalytic hydro-
genolysis in the vapour and liquid phases. In particular, it has been
suggestedl56 that the key stage in the vapour-phase hydrogeno-
lysis is nucleophilic attack by a surface hydride anion on the
positively charged carbon atom of the C-Cl bond. In all the
different mechanisms of the vapour-phase and liquid-phase
processes, the polar character of the key stage is postulated in
both cases and hence the dependence of the rate of hydrogenolysis
on the presence or absence of polar substituents in the substrate.

If the rate of catalytic hydrogenolysis is determined by
Langmuir-Hinshelwood kinetics, then die composition of the
products formed may be controlled by the adsorption capacities of
the reactants or their functional groups. The data quoted above,
indicating that methane is formed preferentially in the hydro-
genolysis of tetrachloromethane, are evidence of the decisive
influence of the adsorption factor on the composition of the
products.

The inhibiting effect of hydrogen chloride on the hydrogeno-
lytic processes observed in a number of studies has been usually
attributed to the adsorption of this component on the surface and
the blocking of the catalyst active centres. In order to prevent the
blocking of the catalyst active centres by hydrogen chloride,
certain processes are carried out in the presence of added alkalis,
bases, or buffer mixtures [NaOH, KOH, NH4OH, NaOOCCH3-
N(C2H5)3, CH3COONH4-CH3COOH, etc.].41-49-51-80155157

The hydrogenation of o-chloronitrobenzene is particularly
instructive in this respect:157 the hydrogenolysis of the C-Cl
bond predominates in the presence of NaOH, whereas the
reduction of the nitro-group predominates in its absence. These
and other data suggest that there are active centres of different
types on the catalytic surface, each of which is specific to a
particular reaction.44'45

The specificity of the catalysts affects the relative contribu-
tions of the different reactions occurring under the conditions of
the hydrogenolysis and especially the process selectivity. The role
of the adsorption factor noted above is to some extent due to the
specificity of the catalyst active centres in relation to the adsorp-
tion of the reactants. However, the nature of the specificity of
catalytic systems is not restricted solely to adsorption interactions
and in the general case one must take into account the structural
characteristics of both the catalyst active centre and the reactant.
This has been demonstrated in a study136 where the hydro-
genolysis of dichloroethenes on Pt/Al2C>3 was investigated. The
higher reactivity of the C-Cl bond in these reactants compared
with chloroalkanes is due, according to the authors, to the
stabilisation by the catalyst active centre of the quasi-tautomeric
form of dichloroethene functioning as a surface intermediate in
the hydrogenolytic reaction.

Q—CH=CH—a + 2H+ + 2 e

—*~ H2C=CHC1 + HQ .

a—CH=QH —
"era

A similar approach has been used to account for the
anomalously high reactivities of benzene derivatives.136

2H+,2e
CH4.

The increased mobility of the fluorine atom in the hydro-
genolysis of allyl, vinyl, benzyl, and aryl fluorides has been
attributed to the involvement of the double bond of the adsorbed
compound in the substitution of fluorine by hydrogen.158

The above examples show that the specific features of the
interactions on the surfaces of metallic catalysts are in many
respects determined by the structural characteristics of the reac-
tants. The soundest demonstration of this has been achieved in
studies44'45 where competing reactions involving the hydrogenol-
ysis of C-X bonds and the hydrogenation of the aromatic rings of
the benzene derivatives QH5X (X = OH, OC2H5, SQH5, NH2,
NHC6H5, F, Q, Br) were investigated on Ni-Mo, Co-Mo, and
W-Mo catalysts deposited on aluminium oxide. The correlation
between the rates of ring hydrogenation and the electron-donating
properties of the substituents reflects to some extent the electrophilic
character of this reaction, i.e.

+ [H"
ads

T-

u

2H2

fast

H H

-0*.

H2

- [ H " ] . *
slow

ads

the successful outcome of which is determined by the stabilisation
of the intermediate a-complex. On the other hand, the high
reactivity of the compounds CgHsX in hydrogenolysis is ensured
by the presence of weak electron-donating substituents in the ring.
One may postulate two possible pathways leading to hydro-
genolysis on the catalytic surface:

(1) the abstraction of the substituent X by an adsorbed
hydrogen atom:

- H X

CeHfi;

(2) the substitution of the group X by a hydrogen atom via
i/vo-attack

[C«H5-X]ads+

Our attempts to observe a correlation between the rates of
these reactions, on the one hand, and the heat of the hydro-
genolytic reactions and the polarisability of the groups X, on the
other, were unsuccessful. This confirms the need to take into
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account the energetics of the interactions of the catalyst active
centres with the components participating in the rate-limiting
stages of the reactions.

Catalytic hydrogenolytic reactions are known to be structure-
sensitive, which is manifested by the dependence of the specific
activity of the catalyst on the accessibility and structures of the
active centres.144 The structural insensitivity of the hydrogenation
reaction presupposes the independence of the activity of the
catalytic centres of their structure. On the other hand, in hydro-
genolysis the effective interaction between the catalyst active
centre and the substrate requires the optimum combination of
their structural properties and this is most clearly manifested in
the presence of weak electron-donating substituents. The struc-
tural sensitivity of the hydrogenolytic reactions is confirmed by
the numerous examples of the dependence of the specific activities
of the catalysts on their dispersity.99- 101-129- 145-146 The important
role of the modification and of the methods of preparation of the
hydrogenolysis catalyst which follows from this has been con-
firmed by the dependence of their activities and selectivities on the
temperatures of their treatment by an inert gas and reduc-
tants,19-25-39-43-85 the type of reductant,19-25'39-85-103-132 the
presence of promoting additives,19121'24-28'29-31'132 and also on
the treatment of the catalyst by gaseous reagents such HC1, CI2,
air, H2O, F 2 , H2S, etc.19-48- «>•103-125-12S-128-159 The importance of
this method of preparation of the catalyst for the specific
regulation of its activity has been demonstrated by the results of
a study47 where the possibility of the 'chemical grafting' of
palladium ions on the AI2O3 surface with variation of the ionic
character of the metal was demonstrated. A vigorous correlation
between the ionic character of palladium and its activity was
discovered.

The data on catalytic hydrogenolysis considered above
indicate the need to formulate systematic studies in which kinetic
experiments would be combined with the study of the properties of
the catalytic surface, the adsorption equilibria, and the influence
of impurities and modification on the activities and selectivities of
the catalysts. A special study of the elementary steps on the surface
is also required. From the practical point of view, it is important to
direct the efforts of investigators to the study of the quantitative
aspects of the deactivation and regeneration of the catalysts and to
the development of catalytic systems resistant to the action of
contact poisons.
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Abstract. Studies on the direct selective oxidation of gaseous
Ci — Ct alkanes and C2-C4 alkenes to valuable oxygen-contain-
ing products (alcohols, methyl ketones, and epoxides) with the aid
of the bacterial cells of gas-assimilating microorganisms are
surveyed. The resting bacterial cells of the microorganisms
grown on gaseous hydrocarbons possess an enzymic monoxy-
genase activity: they promote the insertion of an oxygen atom into
the hydrocarbon molecule with formation of an oxygen-contain-
ing product This process is effected under very mild conditions
and is characterised by high selectivity and stereospecificity. It
proceeds without the formation of toxic by-products. Certain
problems of the practical implementation of biocatalytic oxida-
tion processes, namely the regeneration of the monoxygenase
cofactor, the reduction of the toxic effect of the oxygen-containing
product formed, as well as the immobilisation of the cells on solid
carriers in order to obtain an active and stable heterogeneous
biocatalyst for the direct partial oxidation of hydrocarbons are
considered. The bibliography includes 111 references.

I. Introduction
There has been a considerable growth of interest in recent years in
the preparation of chemical compounds (the products of large
scale organic synthesis) by biotechnological and biocatalytic
methods. Environmentally pure processes of this kind, entailing
a low energy consumption, constitute a real alternative to
chemical synthesis and they are therefore being vigorously
investigated and developed in all the industrially developed
countries. According to certain predictions,1 10%-20% of
chemical products will be produced by a biotechnological proce-
dure towards the end of the 1990s. The biochemical process
involving the direct selective oxidation of saturated and unsat-
urated hydrocarbons to valuable oxygen-containing products
(chiral epoxides, alcohols, methyl ketones, and dicarboxylic
acids) is particularly interesting.

G A Kovalenko Boreskov Institute of Catalysis, Siberian Branch of the
Russian Academy of Sciences,
Prosp. akad. Lavrent'eva 5,630090 Novosibirsk, Russian Federation.
Fax (7-383) 235 57 66. Tel. (7-383) 235 77 89

The oxidative biotransformation of organic compounds,
including hydrocarbon raw materials, occupies one of the leading
places among industrial biocatalytic processes. Specific investiga-
tions in this field are being undertaken by large chemical
companies in Japan (Nippon Mining Co., Nito Chem. Ind.),
America (Exxon, Dow Chem., Monsanto, Du Pont), and West-
ern Europe (Hoechst, Bayer, BASF), and also by Western
European Universities (Wageningen Agricultural University, the
Netherlands). The synthesis of the optical isomers of epoxides
derived from unsaturated hydrocarbons (the properties of 31
epoxides have been described), carried out by the Japanese
company Nippon Mining Co. on a semi-industrial scale using
suspensions of microorganisms of the genus Nocardia, is of
greatest interest.2-3 In the microbiological epoxidation of moder-
ately long chains, the yield of the (/?)-l,2-epoxides is 80% with an
optical purity of 80%-90%.2-3 The optically active epoxides
obtained are used in fine organic synthesis for the production of
medicinal drugs, biologically active substances, and liquid crystals
for electronics. Expert estimates have shown that the biotechno-
logical methods of synthesis of the optical isomers of the epoxides
may compete with the chemical methods. For example, the annual
profit from the sale of the 'biotechnological' epoxypropane may
reach 2 - 3 billion U.S. dollars.1

The present review considers the biocatalytic approaches to
the solution of the problems of the direct partial oxidation of
gaseous saturated and unsaturated hydrocarbons (methane,
ethane, ethene, propane, propene, butane, butene) to valuable
oxygen-containing products (epoxides, alcohols, and methyl
ketones). Bacterial cells possessing the required en2ymic oxy-
genase activity are used as biocatalysts of these processes in the
immobilised state and also in the form of suspensions of resting
(not growing) microorganisms. The characteristic features of the
microorganisms employing gaseous hydrocarbons for their
growth and the intracellular enzyme systems catalysing the
oxidative biotransformation reactions of gaseous hydrocarbons
will be briefly described in this review. Particular attention will be
devoted to heterogeneous biocatalysts based on immobilised
bacterial cells for the oxidative biotransformation of propene
into 1,2-epoxypropane.
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II. Comparative characteristics of the direct
selective oxidation reactions of gaseous
hydrocarbons
The processes involving the selective oxidation of light gaseous
hydrocarbons to valuable oxygen-containing products constitute
the key stages in the chemical processing of gas and petroleum.
Some of these processes, in particular the direct selective epoxida-
tion of ethene, have been implemented on an industrial scale,
whilst others, for example the direct partial oxidation of gaseous
alkanes (methane, ethane, and propane) to valuable oxygen-
containing products (alcohols and aldehydes) are at the stage of
intense laboratory research. Analysis of the literature data on the
selective oxidation of C1-C4 hydrocarbons has shown that the
heterogeneous oxide catalysts widely used in these processes have
fairly limited possibilities: the maximum selectivity in the forma-
tion of the target product (80%-95%) is attained only for low
degrees of conversion of the initial hydrocarbon (not more than
5%).4"6 In order to attain a selectivity up to 70% for a conversion
greater than 5%, either nitrous oxide is employed as the
oxidant5'7 or use is made of catalysts containing precious metals
(gold, palladium, and ruthenium).8 The literature data on the
direct selective oxidation of ethane and propane to alcohols,
aldehydes, or methyl ketones are very fragmentary and few in
number. The main product of the oxidation of ethane is methanol
mixed with ethanol,5 while the oxidation of propane gives rise
predominantly to acrylic acid.9-10

Biocatalytic processes have attracted the attention of inves-
tigators because of their unique features: low energy consumption
due to the mild reaction conditions (temperature not exceeding
40 °Q, a nearly 100% selectivity regardless of the degree of
conversion of the initial substrate, as well as stereospecificity
ensuring the formation of chiral compounds. Furthermore, owing
to the absence of toxic by-products, biocatalytic processes are
environmentally-friendly.

The data presented in Tables 1 and 2 demonstrate the
possibilities of biocatalysis in relation to the epoxidation of
propene and the hydroxylation of methane by gaseous oxygen as
examples. In terms of their principal parameters (activity, yield of
products), biocatalysts are at the level of the best heterogeneous
chemical catalysts or are superior. The prospects for the oxidative
biotransformation of hydrocarbons into valuable oxygen-con-
taining products have been analysed in reviews19"21 and the
possibility of the practical implementation of such a process
under chemical industrial conditions has been considered. The
only significant disadvantage of biotechnological processes is the
low concentration of the final products in the reaction medium (as
a rule an aqueous medium). It does not exceed several tens of
millimoles per litre, which gives rise to problems in the isolation of
the target substances. Similar problems exist also in heteroge-

Table 1. Comparative characteristics of the processes involving the direct
partial oxidation of propene to 1,2-epoxypropane by molecular oxygen.

Table 2. Comparative characteristics of the processes involving the direct
partial oxidation of methane to methanol.

Characteristic

Temperature/°C
Conversion of
propene (%)
Selectivity with respect
to epoxypropane (%)
Stereospecificity

Toxic side products

Chemical heterogeneous
process11

450-550
not above 15

25

Racemic mixture

aldehydes,
carbon monoxide,
aromatic compounds

Biocatalytic
process12"14

20-40
40-80

100

80%-90% of
(.R)-l,2-epoxy-
propane

absent

Parameter

Temperatures/°C
Pressure/atm
Conversion of
methane per pass (%)
Selectivity with respect
to methanol (%)
Yield with respect
to methanol (%)
Productivity with
respect to methanol
/mmol g"1 h"1

Chemical process
homogeneous1

450-550
25-65
9-13

38-83

2 - 7

"According to data in Refs 5,6, and 15
and 16.

heterogeneous

250-350
1
4 - 6

83-96

3 - 6

0.001-1.7

Biocatalytic
;b process17-18

20-40
1
27-61

- 1 0 0

10-60

1-7

. b According to data in Refs 5, 6,

neous catalysts for low degrees of conversion of the initial
compound. They can be solved, for example, by selecting a
suitable reactor design or by employing a two-phase reaction
medium for the extraction and concentration of the final oxygen-
containing product.

Thus biocatalytic processes exhibit a high selectivity, ensure
the possibility of obtaining the stereoisomers of chemical com-
pounds, require a small energy consumption, and are relatively
environmentally clean. They are therefore competitive with the
chemical processes in basic organic synthesis.

Microorganisms as biocatalysts of the direct
partial oxidation of gaseous hydrocarbons
Evidently the first stage in the development of any biotechnolog-
ical process is screening for microorganisms possessing the
necessary enzymic activity. The partial oxidation of saturated
and unsaturated gaseous C1-C4 hydrocarbons is effected pre-
dominantly by gas-assimilating microorganisms. There are only
isolated examples where bacterial cells grown on liquid C5 and
higher hydrocarbons oxidise gaseous substrates. For example,
suspensions of the bacterial cells of the microorganism Nocardia,
grown on isoprene, are capable of effectively oxidising propene
and butene to the corresponding epoxides.22 Other microorgan-
isms employing C5-C18 hydrocarbons for their growth do not
oxidise gaseous alkanes and alkenes.

The first gas-assimilating bacterium, using methane as the sole
source of carbon for its growth, was isolated in its pure form in
1906 and up to 1954 only five species of such bacteria, called
methanotrophs, had been described.23-24 A profound conviction
that microorganisms capable of assimilating chemically inert
compounds such as saturated and gaseous hydrocarbons are
widely distributed in nature has arisen recently. About 200 strains
of methanotrophs have been isolated from their habitats:25-26

fresh- and salt-water reservoirs, subterranean and waste waters,
muds, soils, coal mines, and even from the rumen of ruminants.23

Soil microorganisms of the genus Rhodococcus utilise propane and
butane as a source of carbon.27

Gas-assimilating microorganisms can be divided into the
following groups:

(1) methanotrophs (the principal representatives belonging to
the genera Methylococcus, Methylosinus, and Methylomonas)
which are highly specialised microorganisms using methane as
the sole source of carbon and energy; glucose and other organic
compounds inhibit completely their growth;

(2) alkane-assimilating microorganisms (the principal repre-
sentatives belong to the genera Rhodococcus, Mycobacteria,
Nocardia, and Xantobactef), which utilise ethane, propane, and
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butane are virtually incapable of growing on methane; glucose and
certain organic acids support their growth;

(3) alkene-assimilating microorganisms (the principal repre-
sentatives belong to the genera Mycobacterium, Xantobacter, and
Nocardia), which grow on gaseous alkenes (ethene, propene,
butene, and butadiene); they are also capable of utilising glucose.

The characteristic differences between the last two groups of
microorganisms grown on gaseous hydrocarbons (especially on
alkanes) and the same microorganisms grown on glucose or
organic acids is the relatively high content of lipids in the cell
and the structure of the cell wall, which is a strongly lipophilic
formation.28 The cells of Mycobacterium vaccae may serve as a
typical example: such cells, grown on ethane (propane or n-
butane), contain twice as much lipid as the cells grown on acetate
(propionate).29 These cells have another interesting feature: when
acetate is replaced as the growth substrate by propane, the
synthesis of lipids precedes the synthesis of nitrogen-containing
compounds (proteins) and cell division, which indicates the
important role of lipoid materials in the assimilation by the cells
of the hydrophobic hydrocarbon substrates necessary for their
growth.29 It has now been demonstrated that passive diffusion of
the molecules towards the cell and their sorption on the cell wall
take place in the initial stage of the assimilation of the hydro-
carbon by the microorganisms.27-x A metabolic process involving
active (with an expenditure of energy) transport of the hydro-
carbon to the cell, where it is oxidised intracellularly on membrane
structures (microsomes), takes place in the next stage.27-28 In
Rhodococcus sp. grown on propane, an excessive development of
the outer membrane of the cell wall is observed and a well
developed network of intracellular membrane structures on the
periphery of the cells is clearly manifested.27

All the processes involved in the oxidative microbiological
transformation of hydrocarbons proceed with participation of
molecular oxygen and are effected by enzymic oxygenase com-
plexes (monoxygenases), the structure and functional role of
which in the cell metabolism have been widely described in the
literature.23-31""33 In the present review, we shall dwell briefly on
the structure of the active centre of the key enzyme effecting the
primary activation of the gaseous hydrocarbon and the subse-
quent incorporation into the molecule of one oxygen atom with

formation of an alcohol or epoxide. Such enzyme activity of the
microorganisms belonging to the second and third groups is
induced by the hydrocarbon in the course of cell growth27-30

(cells then grow relatively slowly and the period for the doubling
of the population amounts to tens of hours). The cells grown on
glucose or organic acids as a rule do not possess such activity and
are incapable of transforming hydrocarbons. The Japanese strain
Nocardia corallina B-276, the resting cells of which (grown on
glucose) are capable of epoxidising alkenes, is an exception.34-35

However, the yield of the epoxide is then almost twice as small as
in a medium with cells grown on propene.34

Depending on whether an alkane or an alkene is used as the
growth substrate, enzyme complexes having different properties
are induced and synthesised in the cell, namely an alkane
monoxygenase or an alkene monoxygenase, which are responsi-
ble for the primary activation of the gaseous hydrocarbon.22-36

The alkane monoxygenase has a broader substrate specificity than
the alkene monoxygenase: it hydroxylates alkanes and epoxidises
alkenes, whereas the alkene monoxygenase is only capable of
epoxidising alkenes (but is incapable of hydroxylating alkanes).
The microorganisms grown on alkenes are as a rule incapable of
growing on alkanes. It is of interest that these two enzyme systems
(or the cells of microorganisms with an induced enzyme activity)
differ from one another also in their stereospecificity: the methane
and alkane monoxygenases as a rule form during the epoxidation
of C3-C4 alkenes a racemic mixture of optical isomers of the
epoxides, whereas in the case where alkene monoxygenases are
employed an excess (80%-90%) of the enantiomeric forms is
observed. In both cases the configuration of the alkene (butene) is
retained (Tables 3-7).22-41 The Japanese strain Nocardia coral-
lina B-276 has exceptional characteristics: regardless of the growth
substrate employed (glucose, alkanes, and alkenes), one of the
optical isomers of the epoxide is formed in excess within the cells
of this microorganism.2-3

Two principal types of monoxygenase enzyme systems of
microorganisms, capable of assimilating hydrocarbons, includ-
ing gaseous ones, have now been described and characterised:

(1) monoxygenases containing an oxo- or hydroxo-bridged
iron cluster in the active centre are present in the cells of
methanotrophs (Fig. la);32-33-62

Figure 1. The active centres for the oxidation of hydrocarbon substrates by the monoxygenase of methanotrophsM (a) and certain other gas-
assimilating microorganisms (b).
Notation: Asp = aspartic acid residue in the protein component of the monoxygenase; Glu = glutamic acid residue; His = histidine residue;
R = hydrocarbon residue in the haem molecule; ligand = low molecular-mass compounds, including substrates (hydrocarbons, oxygen, and inhibitors).
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Table 3. Partial oxidation of ethene to epoxyethane by gas-assimilating microorganisms.

Growth Microorganism
substrate (immobilisation method)

Ref. Growth Microorganism
substrate (immobilisation method)

Ref.

Methane

Ethane

Propane

n-Butane

Methanotroph H-2
Methylococcus capsidatus
(Bath)
Methylosinus trichosporium
OB3b
Methylobacteriwn organophilum

Brevibacteriumfuscum
ATCC 15993
Mycobacterium CRL-69
Arthrobacter CRL-68

Alcaligenes ATCC 15525
Pseudomonasfluorescens B-1244
Rhodococcus rhodochrous PNKb 1
Brevibacterium CRL-56
Rhodococcus erythropolis 3/89

Arthrobacter CRL-70
Arthrobacter CRL-60
Pseudomonas CRL-71
Mycobacterium E20

93
33 [46]

16 [16]

[7.5]

17.5

14
8

43
28
22
16
[7]

38
32
20
15

37
12,31,
38-40
12,31,
39-41
31,40

42

42
42

43
43
44
39,43

42
42
42
12

Ethene

Propene

But-l(2)-ene

Buta-l,3-diene

Mycobacterium 2W
Mycobacterium E44,12D, Tul
Mycobacterium "hi

Mycobacterium Pyl

Xantobacter Py2

Mycobacterium Py8
Mycobacterium Pyl
(entrapment in alginate)
Mycobacterium Pyl
(adsorption on sand)

Mycobacterium Byl
Xantobacter By2
Nocardia Byl
Nocardia TB1

Nocardia TB1
Mycobacterium B

4
3
1

50

46

25
6

5

19
11
9
2

17
11

12
12
12

12,
45-47
39,
46-48
12
45

45

12
46
46
46

46
12

CO2/NH4 Nitrosomonas europaea 39

"The activity of the cell suspension expressed in nmol min"1 (mg protein)"1 [nmol min"1 (mg dry cells)"1] and determined as the rate of the
extracellular accumulation of epoxyethane in the reaction medium. The maximum reaction rates quoted in the literature are presented.

Table 4. Partial oxidation of propene to 1,2-epoxypropane by gas-assimilating microorganisms.

Q O

CH2=CH—CH3 +O2 +NAD(P)H + H + — - 1 • H2O + NAD(P)+

H H H CH3

(.R)-l,2-epoxypropane (S)-1,2-epoxypropane

Growth
substrate

Microorganisms

[60]
215 [46]

175 [30]

100
37
22 [21]

21 [0.1]

33
27
20

102
72
50

47
40
F91

Enantiomeric composition
of product (%)

CR)-isomer

56

57

53

47

(S)-isomer

44

43

47

53

Ref.

49
31,39,40,
41,50-53
22,31, 39,
40,41,52-54
37
40,55
31,40
22,40
52,56

14
42
42
42

43
43
44

43
43
57,58

Methane

Ethane

Propane

Methylomonas Z 201
Methylococcus capsulatus

Methylosinus trichosporium OB3b

Methanotroph H-2
Methylosinus CRL
Methylobacteriwn organophilum
Methylomonas albus BG8
Methanomonas GY-J-3

Mycobacterium E20
Arthrobacter CRL-60
Mycobacterium rhodochrous
Brevibacterium fusscum

Pseudomonasfluorescens B-1244
Nocardia parqffinica
Rhodococcus rhodochrous
PNKbl
Brevibacterium CRL-61
Corynebacterium CRL-63
Rhodococcus erythrolopis 3/89
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Table 4 (continued).

Growth
substrate

Propane

n-Butane

Ethene

Propene

ftms-But-2-ene

Buta-l,3-diene

Microorganisms

Rhodococcus lr
Scedosporium A-4
Nocardia carollina B-276
Mycobacterium P2y
Pseudomonas P9y

Arthrobacter CRL-70
Pseudomonas fluorescens B-1244
Corynebacterium CRL63
Mycobacterium E20
Mycobacterium vaccae
Nocardia TB1
Nocardia IP1

Mycobacterium E3

Mycobacterium 2W, Eul

Nocardia carollina B-276
Mycobacterium E20
Mycobacterium aurunt LI

Mycobacterium Pyl
Nocardia corallina B-276
Mycobacterium Py2

Mycobacterium vaccae
Nocardia TB1

Mycobacterium B
JVocardiaTBl
Nocardia IP1

a"

[1]
[1]
[0.5]

58
52
40
17

46 [2.5]

11

[0.5]

9.5 b

[3.5]

2

21
13

Enantiomeric composition
of product (%)

(U)-isomer

87
78
45

56
68
91

93

93

86
88
99

97b

61
60

93
93
90

(S)-isomer

13
22
50

44
32
9

7

7

14
12
1

3"

39
40

7
7
10

Ref.

50
59
22,34,39
22
22,39

42
42
42
12
22
22,39
22,39

12,14,22,39
46, 50,60
12,14,22,
46,60
22,34,39
14
22,39

45
61
14

22
22,39,46

12,14
22,46
22,39

CO2/NH4 Nitrosomonas ewopeae 32 68 22,39

a The activity of the resting cells expressed in nmol min ~ ' (mg protein) ~ ' [mmol min ~ ' (mg dry cells) ~'] and determined as the rate of the extracellular
accumulation of 1,2-epoxypropane in the reaction medium. The maximum reaction rates quoted in the literature are presented.
bIn the presence of 10 mM 1,2-epoxybutane as the inhibitor of the further oxidation of the 1,2-epoxypropane formed.

Table 5. Partial oxidation of butene to 1,2-epoxybutane by gas-assimilating microorganisms.
O

/ \
CH2=CH—CH2—CH3 + O2 + NAD(P)H + H + — - H2C C H — C H 2 — C H 3 + H2O + NAD(P)+

Growth
substrate

Methane

Ethane

Microorganisms

Methylococcus capsulatus
Methylobacterium organophilwn
Methylosinus trichosporium OB3b

Methanotroph H-2

Mycobacterium E20, CRL-69
Brevibacteriumfuscum
Arthrobacter CRL-68

[H]
[8]
[4]

64.5

4
3
2

Enantiomeric composition
of product (%)

(i?)-isomer

39

41

(S)-isomer

64

59

Ref.

31,40
31,40
22,31,39,
40,54
37

14,42
42
42
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Table 5 (continued).

Growth
substrate

Microorganisms a" Enantiomeric composition
of product (%)

(R)-isomer (S)-isomer

G A Kovalenko

Ref.

Propane Nocardiaparaffinica NNRRL11326
Rhodococcus rhodochrous PNKbl
Pseudomonas crucaurae
Pseudomonas P9y
Mycobacterium P2y
Nocwdia corallina B-276

n-Butane

Ethene

Propene

But-2-ene

Buta-l,3-diene

Pseudomonas CRL-71
Mycobacterium rhodochrous
Arthrobacter CRL-60
Mycobacterium vaccae
Nocardia TB1
Nocardia IP1

Mycobacterium E3, E4, Eu,

Mycobacterium "EM, 2W
Mycobacterium E20
Mycobacterium aurum LI
Nocardia corallina B-276

Mycobacterium PylO, Py2

Mycobacterium vaccae
Nocardia TB1

Mycobacterium B
Nocardia TB1
Nocardia IP1

67
26
15

32
3
2

15

11

17
16

45
77
84

58
69
87

84

83
81
90
84

95 b

64
63

89
89
95

50
23
16

42
31
13

16

17
19
10
16

5"

36
37

11
11
5

43
44
43
22,39
22
22,39

42
42
42
22
22,39
22,39

12,14,22,
39,46
12,14,22,46
14
22,39
22,39

14

22
22,39,46

12,14
22,46
22,39

CO2/NH4 Nitrosomonas europeae 29 71 22,39
aThe activity of the resting cells is expressed in nmol min-1 (mg protein)-' [nmol min"1 (mg dry cells)"1] and determined as the rate of the
extracellular accumulation of 1,2-epoxybutane in the reaction medium. The mayim!!™ reaction rates quoted in the literature are presented.
b In the presence of 10 mM 1,2-epoxypropane as the inhibitor of the further oxidation of the 1,2-epoxybutane formed.

Table 6. Partial oxidation of traru-but-2-ene to «ra/ts-2,3-epoxybutane by gas-assimilating microorganisms.

A
CH3—CH=CH—CH3 + O2 +NAD(P)-H + H+—*- CH3—CH-CH-CH3 + H2O + NAD(P)+

Growth
substrate

Methane

Propane

n-Butane

Ethene

Microorganisms

Methylococcus capsulatus
Methylomonas albus BG8
Methylosinus trichosporium OB3b
Methylocystis parvus OBBP
Methanotroph H-2

Nocardia corallina B-276

Nocardia IP1

Mycobacterium E3

Enantiomeric composition
of product (%)

(iJ)-isomer

51
50
50
52

73

81

85

78
79
87
80

(S)-isomer

49
50
50
48

27

19

15

22
21
13
20

Ref.

22,39
22
22,39
22
37

22,39

22,39

12,14,22,
39,46
12, 14,22,46
22
22,39
22,39

17.5

Mycobacterium 2W
Mycobacterium NCIB 11626
Mycobacterium aurum LI
Nocardia corallina B-276

20

13
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Table 6 (continued).

Growth
substrate

Microorganisms

41

22
11

19

Enantiomeric composition
of product (%)

(R)-isomer

93
89

82
78

80
81

(S)-isomer

7
11

18
22

20
19

Ref.

22
22, 39,46

22,46
22,39,46

22,46
22,39

Propene

But-1-ene

Buta-l,3-diene

Mycobacterium Py8
Xantobacter Py2

Xantobacter By2
Nocardia Byl

Nocardia BT1
Nocardia IP1

"The activity of resting cells expressed in nmol min"1 (mg protein)"1 and determined as the rate of the extracellular accumulation of trans-2,3-
epoxybutane in the reaction medium. The maximum reaction rates quoted in the hterature are presented.

Table 7. Partial oxidation of buta-l,3-diene to 1,2-epoxybutene by gas-
assimilating microorganisms.

CH 2 =CH-CH=CH 2 + O2 + NAD(P)H

O
/ \

H

\
H2C CH—CH=CH2 + H2O + NAD(P)+

Growth
substrate

Methane

Ethane

Propane

n-Butane

Microorganisms

Methylococcus capsulatus
Methylobacterium organophilum
Methylosinus trichosporium OB3b b

Methanotroph H-2

Brevibacteriumjuscum ATCC 159993
Arthrobacter CRL-68
Mycobacterium CRL-69

Nocardia parqffinica ATCC 21198
Nocardia NRRL 11326
Pseudomonas putida ATCC 17453
Brevibacteriumfuscum ATCC 159993

Brevibacteriumjuscum ATCC 159993
Mycobacterium rhodochrous
Pseudomonas CRL-71
Arthrobacter CRL-70

a a

[37]
[23]
[21]
85.5

1
1
1

53
16
13
6

3
1
0.5
0.5

Ref.

31
31
31,40,54
37

42
42
42

43
43
43
43

42
42
42
42

aThe activity of resting cells expressed in nmol min"1 (mg pro-
tein)"1 [nmol min"1 (mg dry cells)"1] and determined as the rate of the
extracellular accumulation of 1,2-epoxybutene in the reaction medium.
The maximum reaction rates quoted in the hterature are presented.
bThe ratio (in %) (fl)-isomer: (5>isomer = 36:64.

(2) haem-containing monoxygenases of the type of cyto-
chrome P-450 are present in the cells of Nocardia,6* Rhodococ-
cus,63 Mycobacterium,63 Xantobacter64 and Corynebacterium6S

(Fig. \b).
It is noteworthy that the term 'monoxygenase' is applied not

to an individual enzyme but to the whole enzyme system, which
consists of at least two to three components performing different
functions (the electron transport, regulation, and oxidative func-
tions).32 Fig. 1 illustrates the structure of the active centres of the
enzyme performing the oxidative function, which consists in the
incorporation of an oxygen atom into the hydrocarbon molecule
with formation of an alcohol or an epoxide, while the other atom
enters into a water molecule (Fig. 2).

The mechanism of the microbiological oxidation of hydro-
carbons to alcohols, in particular of methane to methanol, has
been thoroughly investigated. There are data showing that the
rate-limiting stage of this process is the dissociation of a C - H
bond.25'32-33 The methane monoxygenase in different strains of
methanotrophs has a broad substrate specificity: it hydroxylates
Ci -C8 alkanes with formation of primary and secondary alco-
hols,32-66 epoxidises C2-C4 alkenes,32-54 and oxidises a series or
aromatic (benzene, toluene, and styrene) and alicyclic (cyclohex-
ane) hydrocarbons.32-67 The ability of methanotrophs to oxidise
chloroalkenes (dichloroethene, trichloroethene, and vinyl chlor-
ide) with the aid of methane monoxygenase gives rise to prospects
for their use in the purification of waste waters: in the first stage,
methanotrophs oxidise the chlorinated alkene to the epoxide,
which subsequently undergoes degradation with participation of
the population of microorganisms, giving rise to nontoxic prod-
ucts — carbon dioxide and chloride ions.68"70

The so called cofactor (or coenzyme), performing the function
of an electron donor, is consumed in the course of the bioxidation
of hydrocarbons by a monoxygenase (Fig. 2). The natural
cofactors for the monoxygenase are the reduced forms of high
molecular-mass derivatives of nicotinamide [nicotinamide-ade-
nine dinucleotides NADH or NAD(P)H].

When whole viable cells (and not cell-free enzyme extracts) are
used for the oxidative biotransformations, the natural cofactors
may be regenerated intracellularly as a result of the occurrence of
consecutive enzyme reactions with participation of low molecular-
mass substrates. For example, for the methane monoxygenase the
effective electron donors are the intermediates products of
methane metabolism, namely methanol,71 formaldehyde,41-55

and formate,41'55 which are oxidised by intracellular enzymes
with formation of the reduced form NAD(P)H. The latter is in its
turn consumed by the methane monoxygenase on the oxidation of
the hydrocarbon molecule (Fig. 2).25-33

It has been observed that in certain cases the addition of
ethanol and ethyl acetate to the reaction medium prolongs the
bioepoxidation of propene by mycobacteria. In addition, the rate
of formation of epoxypropane increases in their presence.60

Apparently these compounds participate in the regeneration of
the natural cofactor of the monoxygenase in the above bacteria.

For Rhodococcus sp. it has not so far been possible to detect a
low molecular-mass electron donor.50 Glucose, added to a cell
suspension of the Japanese strain Nocardia corallina B-276,
promotes the regeneration of the monoxygenase cofactor.35'72-73

Evidently the solution of the problem of the replacement of the
expensive and virtually inaccessible natural cofactors by low
molecular-mass substrates may render the oxidative biocatalysis
based on resting cells promising from the standpoint of its
practical application.
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ROH

Figure 2. The mechanism of the hydroxylation of the alkanes RH by the monoxygenase of methanotrophs 33 and a possible pathway leading to the
regeneration of the coenzyme NAD(P)H as a result of the consecutive enzymic reaction.

Thus the direct selective oxidation of gaseous hydrocarbons
can be achieved by biocatalytic methods involving gas-assimilat-
ing microorganisms possessing a monoxygenase activity, the
process being characterised by a high selectivity and stereospeci-
ficity and occurring under mild conditions without the formation
of toxic side products (the only possible product of this kind is
carbon dioxide).

IV. Microbiological epoxidation of lower alkenes
The microbiological epoxidation of lower alkenes was first
achieved in 1963 when it was possible to obtain 1 mg of 1,2-
epoxyoctane from oct-1-ene with the aid of Pseudomonas aerugi-
nosa cells grown on heptane.74 During the last decade, the studies
in this field have been carried out by scientific teams from many
countries (Table 8). As already noted, certain 'biotechnological'
methods of synthesis of epoxides from alkenes have been imple-
mented on a semi-industrial scale.2-3 The epoxidation of gaseous
alkenes is effected by microorganisms grown both on gaseous
alkanes (methane, ethane, and propane) and on gaseous alkenes
(ethene, propene, and butene) (Tables 3-7), the monooxygenase
of the alkane-assitnilating microorganisms having the ability not
only to epoxidise alkenes but also to hydroxylate the terminal CH3
group with formation of unsaturated alcohols.78

It is of interest to note that, in the reactions involving the
oxidative biotransformation of alkenes effected by Pseudomonas
oleovorans,™ there is no relation whatever between the chemical
reactivity of the bonds being oxidised and the oxidative activity of
the microorganisms. For example, oct-2-ene is not epoxidised,
whereas oct-1-ene is oxidised with formation of 1,2-epoxyoctane;
propene is also not epoxidised, but is transformed into allyl
alcohol.

The epoxides formed during oxidative biotransformation
accumulate extracellularly in the reaction medium, provided that
they are not intermediates in the metabolism of the main growth
substrate but are formed by virtue of the relatively broad substrate
specificity of the monoxygenase. For example, ethene-assimilat-
ing mycobacteria, which effectively oxidise propene and butene,
effect the extracellular accumulation of their epoxides
(Tables 4-6), whereas epoxyethane undergoes further metabolic
transformations, which are necessary for cell growth and biosyn-
thesis. In order to prevent the metabolic transformations of the
epoxide formed on oxidation of the growth substrate, one may
add an inhibitor to the medium. For example, the inhibitor of the

further oxidation of 1,2-epoxypropane, formed by propene-
assimilating cells, is the related 1,2-epoxybutane, which under-
goes degradation, enabling the epoxypropane to accumulate in the
medium.45-79

The epoxides accumulated in the medium have a distinctive
toxic activity, since they are capable of alkylating protein
molecules and of decomposing membranes (this permits their use
as sterilising agents in medical practice, epoxyethane being the
most toxic). The inhibition by epoxides is irreversible and specific
in relation to monoxygenases, while other vitally important
enzymes are only slightly inactivated.79 Various microorganisms
are unequally susceptible to the action of epoxides: the most stable
are the alkene-utilising microorganisms of the genus Mycobacte-
rium (they withstand a concentration up to 100 mM), while the

Table 8. Microbiological epoxidation of alkenes.

Alkenes
epoxidised

C2-C4

C2-C4

C2-C,8

C2-C3

C6-C,2

Microorganisms

Methanotrophs:
Methylococcus
capsulatus,
Methylosinus
trichosporiion

Mycobacterium sp.

Nocardia
corallina B-276

Caldariomyces fumago,
Flavobacterium Cetus sp.

Pseudomonas oleovorans

Research groups

C T Hou (EXXON
Res.&Eng.Co.,USA);
H Dalton, J C Murrell
(University of
Warwick, UK)

J A M de Bont
(Agriculture
University
ofWageningen,
The Netherlands)

K. Furuhashi
(Nippon Mining
Co. Ltd, Japan)

S L Neidleman
(CETUS Corp.,
USA)75"77

M J de Smet
(University of Groningen,
The Netherlands)
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most sensitive are the methanotrophs (the epoxide exerts a distinct
toxic effect on the latter at a concentration less than 10 mM).79

The following approaches have been proposed for the prac-
tical solution of the problem of reducing the toxic effect of the
epoxides and of the concentration and isolation of the valuable
oxygen-containing product from the reaction medium: the immo-
bilisation of the cells on/in solid carriers, as a result of which the
resistance of the microorganisms to the action of the toxic reagents

as a rule increases; the removal of the epoxide formed from the
reaction zone, which is achieved either by its extraction into the
solvent phase of a two-phase water-immiscible organic solvent
system or by passing a gas stream with subsequent isolation of the
target product by absorption in a suitable organic phase.

These approaches may be clearly illustrated in relation to the
epoxidation of propene (Table 9). The gas-utilising micro-
organisms are immobilised mainly via their entrapment into

Table 9. Epoxidation of propene by the immobilised cells of gas-assimilating organisms.

Microorganism

Methanomonas GYJ-3

Methylosinus CRL 31,
Methylococcus CRLM1,
Methylosinus tricho-
sporium OB3b

Methylosinus tricho-
sporium OB3b
Methylococcus capsu-
latus Ml

Rhodococcus
Mycobacterium E3,
Methylosinus tricho-
sporium

Mycobacterium E3

Mycobacterium E3,
E4,2W

Mycobacterium Pyl

Mycobacterium Eul

Immobilisation method

adsorption on sand,
zeolite, aluminium
oxide, polypropylene
paraffin

incorporation in alginate
gel

adhesion in the form of
a biofilm on porous glass

adhesion on glass beads,
activated charcoal, silica gel

adsorption on silica gel,
carbon, orcarbonsaturated
aluminium oxide; double
immobilisation in the pores
of carbonsaturated
aluminosilicate

lyotropic surfactant
mesophase in the water-
hexane twophase system

incorporation in alginate
gel

incorporation in alginate
gel

incorporation in alginate
and carrageenan

on sand

adhesion on lava

Process characteristics

aa

0.25 (sand)
0.19 (poly-
propylene)

1.2

8-15

10-20

26.3

0.07

2.3

2.5

2.6 c

other parameters

adsorption:
1.5 (sand), 3.4 m g g - 1

(polypropylene)

stability: 18hof
continuous operation
(regeneration by methanol
vapour after each 10 h);
conversion of propene: 2.7%

yield of product:
250-300 nmolmin-i;
stability: 7 h of
continuous operation

adsorption, mg g~':
40 (rhodococci),
3 (methanotrophs)
stability: after 14 h of
continuous operation,
46% of initial activity
is retained

stability: 7 days;
productivity: 0.03 g
of (R )-epoxypropane
per 1 g of cells after 2 days

stability: 3 h of
continuous operation

productivity: 0.25 mmol
after 4 days

stability: 20 days
of operation (16 cycles
15 h each); conversion
of propene: 90%

Bioreactorb

G - S ,
flow type with
stationary bed

L - S ,
periodic with stirring

G - S ,
flow type
with stationary bed

G - S

L - S ,
flow type with
stationary bed

L - S ,
flow type with
recirculation and
stationary bed in a two-
phase system water-
organic solvent

G-L-S,
flow type with
fluidised bed

L-S,
periodic with
stirring

G-S

G - S

Ref.

56

80

31,55,71

81

50

82

83, 85,86,89

86

12, 87, 88

89

60
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Table 9 (continued).

Microorganism Immobilisation method Process characteristics

a a other parameters

Bioreactorb

G A Kovalenko

Ref.

jvocardia corailma
B-276

Nocardia corallina
B-276

emulsion in 7.1
liquid paraffin

adsorption on poly- 5.0-6.8
propylene and polyethylene

incorporation in algjnate, 0.9
carrageenan, and methane
matrix

incorporation in poly- 1.3 - 3.7
acrylamide gel

stabihty: 9 days of
continuous operation,
<i/2 = 200 h; conversion
ofpropene: 95%-100%;
productivity: 2.3 g
of epoxypropane per
1 g of cells

adsorption: 1.0-2.8 mg g~';
stability: 2 - 3 days
of operation, /1/2 = 36 h

stabihty: h^ = 78 h

stability: 7 days
without loss of activity

L-L,
continuous
bubbling of the
gas stream

G-S,
flow type with
stationary bed

G-S,
flow type with
stationary bed

L-S,
flow type

72

13

13

90

"Activity expressed in nmol min"1 (mg dry cells)"1 and determined as the rate of the extracellular accumulation of epoxypropane in the reaction
medium.
b Notation: G = gas phase; L = liquid phase; S = solid phase.
cThe activity expressed in nmol min" '(mg protein)"'.

natural organic gels (alginate, carrageenan), in the matrix of which
the cells remain virtually intact (integrity, metabolic activity) and
retain a fairly high transforming activity and stabil-
ity.12- 13.60.80,83-88,90 j ^ e principal deficiency of organic gels is
their swellability, inducing a high hydrodynamic resistance to the
flow, and also their decomposition during use by chemical and
biological factors.

Another method for the immobilisation of bacterial cells is
adsorption (adhesion) on the surfaces of inorganic carriers
(silicates, oxides, and carbon materials).31'50'55'56'60'71181'89

Under these conditions, biofilms are formed as a rule. Covalent
immobilisation is used rarely, since the cross-Unking agents used
for the formation of covalent bonds (dialdehydes and carbodi-
imides) are usually toxic to cells.

The immobilisation of microorganisms in the mesophases of
nonionic surfactants (of the type of polyoxyethylene n-dodecyl
ethers with different molecular masses), formed in a
water-organic solvent (hexadecane) two-phase system, leads to
interesting prospects.82 The Mycobacterium E3 cells immobilised
in this way exhibit the maximum epoxidising activity (Table 9).82

Another nontrivial approach to the immobilisation of
enzymes and bacterial cells involves the sealing of the biologically
active material with the aid of a gel-forming system within the
pores of an inorganic carrier.91 In essence, this is a double
immobilisation method, which combines the advantages of the
incorporation of the cells into gels (high biocatalytic activity and
stability) and of the use of inorganic carriers (high mechanical
strength and resistance to degradation). The heterogeneous
biocatalyst obtained in this way exhibits a relatively high enzyme
activity and is stable both in storage and under operating
conditions (Table 9).50

One of the main problems in the immobilisation of enzymes
and cells is that of the selection of the optimum carrier and
immobilisation procedure. Nowadays the immobilisation of
enzymes and cells is approached purely empirically, predomi-
nantly on the basis of the tradition which has arisen in a particular
research group. However, analysis of a large volume of literature
data and our own results enables us to formulate certain general

principles governing the immobilisation and stabilisation of
enzymes and microbial cells on/in solid matrices.

The stabilisation of immobilised enzymes and cells is ensured
by the mutual correspondence of the characteristics of the
biologically active material and the carrier. In the first place, the
biomolecule (cell) must correspond exactly to the size of the
support pores, as a result of which a multipoint interaction is
achieved. For the stabilisation of bacterial cells and the main-
tenance of their viability in the immobilised state, it is essential
that the morphology of the porous space of the carrier should
definitely correspond to the biologically active material: the ratio
of the pore size to the size (length) of the microorganism should
range from 1: 5 and the pores of the given size should
occupy ~ 70% of the porous space.92 In other words, 1-10 urn
macropores should predominate in the support texture.

Another principle is the mutual chemical correspondence of
the biomolecule (cell) and the carrier (gel) surface, particularly
from the standpoint of their hydropbilic - hydrophobic character-
istics.93 For example, microorganisms with a hydrophobic cell
wall are sorbed most strongly on a hydrophobic carrier surface (or
in a hydrophobic mesophase) and exhibit a relatively high
biocatalytic activity and stability.82 The practical implementa-
tion of the mutual correspondence principles, particularly in the
case of the immobilisation of individual enzymes, as a rule
promotes the formation of active heterogeneous biocatalysts,
which are more stable by a factor of tens and thousands than
their homogeneous analogues.

Unfortunately, on immobilisation of whole bacterial cells the
stabilisation of the enzyme activity by virtue of the interaction of
the microorganisms with the surface of optimum carriers (selected
taking into account the mutual correspondence) is not quite so
marked and striking as in the case of enzymes. The enzyme activity
of whole bacterial cells apparently depends to a large extent on the
intracellular microenvironment of the enzymes, which is deter-
mined only indirectly by the state of the immobilised bacterial
cells.

The mechanisms of the initiation and stabilisation of enzyme
activity in immobilised microorganisms may be different in each
specific case. For example, an increase in activity may be
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promoted by the improvement in gas exchange and in the
distribution of nutrient substances,94-95 by the structural re-
arrangement of the membranes leading to an increase in perme-
ability and the acceleration of transport of substrates into the
cell,96-97 by the change in the physiology of the cells under the
influence of the stress accompanying the immobilisation proce-
dure,98 etc. Evidently the main advantage of the immobilisation of
microbial cells consists in the possibility of obtaining biocatalysts
in a heterogeneous form, which makes it possible to carry out
biocatalytic processes in a continuous regime in bioreactors of
different design and with repeated employment of the biologically
active material. The matrix stabilises fairly frequently the enzyme
activity of the immobilised bacterial cells and also increases the
resistance of the microorganisms immobilised on the carrier
surface to the effect of toxic compounds.

Another approach to the solution of the problem of over-
coming the inhibiting effect of epoxides on the cells of gas-utilising
microorganisms consists in the removal of the epoxide from the
reaction zone. Two-phase water-organic solvent (as a rule, n-
hexadecane) systems with extraction of the epoxide into the
organic phase 61>83>84>8S and/or the removal of the epoxide, for
example epoxypropane, from the gas stream (where its fraction at
35 °C is ~ 3% of all the molecules 86) by absorption in di-n-octyl
phthalate or by acid hydrolysis in sulfuric acid solution (pH 1,
30 ° Q are used for this purpose.84 The immobilisation of micro-
organisms promotes an increase in the resistance of bacterial cells
to the action of the organic solvent apparently as a result of the
presence of an aqueous microenvironment in the vicinity of the
solid carrier surface.

In conclusion, it must be emphasised yet again that certain
gas-assimilating microorganisms of the genera Mycobacteria and

Nocardia are capable of epoxidising unsaturated hydrocarbons
stereospecifically, so that only one of the optical isomers is formed
in excess, accumulating extracellularly in the reaction medium
(Tables 4-7). Another procedure for the preparation of optical
isomers of epoxides is based on the fact that certain micro-
organisms of the genera Xantobacter" and Nocardia H810° are
capable of the degradation (utilisation) of only one of the
stereoisomers of the racemic mixture, whereas the other isomer
of the epoxide accumulates in the medium.

Thus the epoxidation of light alkenes (ethene, propene, and
butene) can be achieved by means of the enzymic monoxygenase
complexes of alkane- and alkene-utilising microorganisms in free
or immobilised forms (Tables 4 - 7 and 9). One of the main ways
of increasing the effectiveness of the alkene bioepoxidation
processes is the reduction of the inhibiting effect of the epoxides,
which accumulate in the reaction medium and exhibit a very
pronounced toxicity. For this purpose, the processes are opti-
mised by employing, for example, immobilised microorganisms in
water-organic solvent two-phase systems.

V. Microbiological hydroxylation of gaseous
alkanes
As already mentioned, the direct selective oxidation of saturated
hydrocarbons to valuable oxygen-containing products (alcohols,
aldehydes, ketones, and acids) is the main problem in the chemical
processing of natural gas by homogeneous and heterogeneous
catalytic methods. The partial oxidation of alkanes is traditionally
carried out on oxide catalysts (for example, catalysts based on
V2O5 or MOO3), the key parameter of the processes being
selectivity. The biotechnological approach to the direct single-

Table 10. Partial single-stage oxidation of gaseous hydrocarbons to alcohols and methyl ketones by atmospheric oxygen with participation of gas-
assimilating microorganisms.

inhibitor of
alcoholdehydrogenase

r biomass

R - C H 2 - C H 3 -
alkane

R—CH2—CH2OH—*-R-CH2—CH2O
primary alcohol aldehyde »• CO2

R—CH—CH3

OH

c
R-C-CH3

O

secondary alcohol methylketone
(is accumulated extracellularily)

Initial
hydrocarbon

Product Microorganisms
(growth substrate)

Inhibitor
(concentration)

Ref.

Methane methanol Methylococcus capsulatus (methane)

" Methylosinus trichosporium (methane)b

" Methylococcus capsulatus (methane)

" Methylosinus trichosporium (methane)

Methylomonas GY-J-3 (methane)

Methylosinus trichosporium OB3b
(methane)

42

[149]

[131]

[79]

[50]

PI]

25 [24]

[8]

none

phosphate ions
(80-100mM)

EDTA(lOmM)

phosphate ions
(80-100 mM)

EDTA (10 mM)

n

treatment of cells
with cyclopropane;
cyclopropanol (0.3 mM)

NaCl (0.2 M),
EDTA (2 mM),
H2 (10%)

41

18

52

18

52

52

41,101,102

17
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Table 10 (continued).

Initial Product
hydrocarbon

Microorganisms
(growth substrate)

a" Inhibitor
(concentration)

GAKovalenko

Ref.

Methane

Ethane

Propane

Propane

n-Butane

methanol

n

ethanol

it

n

n

propan-1-ol
it

propan-2-ol

it

n

ii

it

n

it

acetone
n

it

it

it

11

n

n

tt

butan-1-ol
it

tt

butan-2-ol
n

it

it

n

tt

it

Methylobacterium organophilum
(methane)

Methamonas methanooxidans
(methane)

Methylosinus trichosporium OB3b
(methane)

Methylococcus capsulatus (methane)

Methylobacterium organophilus
(methane)

Scedosporium A-4 (propane)

Scedosporium A-4 (propane)

Khodococcus rhodochrous
(propane)

Methanotroph H-2 (methane)

Methylosinus trichosporium CRL 15
(methane)

Methylococcus capsulatus (methane)

Methylobacterium organophilum
(methane)

Methylosinus trichosporium OB3b
(methane)

Scedosporium A-4 (propane)

Rhodococcus rhodochrous (propane)

Methanotroph H-2 (methane)

Methylococcus capsulatus CRL Ml (methane)

Nocardia paraffinica (propane)

Methylobacterium organophilum
(methane)

Methylosinus trichosporium OB3b
(methane)

Methylobacter CRL M6 (methane)

Pseudomonasfluorescens (propane)

Methylocystis parvus (methane)

Scedosporium A-4 (propane)

Mycobacterium smegmatis (propane)

Scedosporium A-4 (propane)

Methylosinus trichosporium OB3b
(methane)

Methylococcus capsulatus CRL Ml
(methane)

Methanotroph H-2 (methane)

Methylococcus capsulatus CRL Ml
(methane)

Methylosinus trichosporium OB3b
(methane)

Methylomonas CRL (methane)

Methylobacterium organophilum
(methane)

Scedosporium A-4 (propane)

7

—

22 [12]

33

7

[6]

[5]

—

25

18

18

12.5

8 [3]

[2]

-

50

42

33

30

25 [3]

17

17

15

[0.6]

-

[8]

5

2

33

20

10

10

3

[2]

none

iodoacetate
(0.003 M)

EDTA (2 mM),
H2 (10%)

none

tt

pyrazole (10 mM)
it

none

tt

ti

ti

EDTA (2 mM)

pyrazole (10 mM)

-

none
it

ti

n

n

n

it

ti

tt

-

pyrazole (10 mM)

none

it

tt

it

it

it

it

pyrazole (10 mM)

41

103

17,41

41

41

59

59

104

37

105

105,106

41,105-107

17,105,106

59

104

37

41,105,108

43

41,105,108

17,41, 105,
108

105,108

43

105,108

109

no
59

41

41

37

41,106

41,105, 106

105-107

41

59
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Table 10 (continued).

Initial
hydrocarbon

n-Butane

Isobutane

Cyclopropane

Propene

But-1-ene

Product

butan-2-one

n

ti

H

ft

It

II

11

butan-2-one

2-methyl-
propan-1-ol

2-methyl-
propan-2-ol

cyclo-
propanol

allyl
alcohol

acrylic
acid

but-3-en-l-ol

Microorganisms
(growth substrate)

Nocardia paraffinica (propane)

Brevibacterium CRL 56 (propane)

Methylococcus capsulatus CRL M1
(methane)

Methylobacterium organophilum
(methane)

Pseudomonasfiuorescens (propane)

Methylosinus trichospohum OB3b
(methane)

Methylomonas CRL 8 (methane)

Scedosporium A-4 (n-butane)

Mycobaclerium smegmatis
(propane)

Methanotroph H-2 (methane)

Methanotroph H-2 (methane)

Methylosinus trichosporium
OB3b (methane)

Pseudomonas oleovorans
(n-octane)

Mycobacterium convolution
(propane)

Pseudomonas oleovorans
(n-octane)
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—
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II

II
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n

Ref.

43

43

41,105,108

41, 105,108

41,105,108

41,105,108

105

109

110

37

37

102

78

111

78

"The activity is expressed in nmol min" • (mg protein)"' [mol min - ' (mg dry cells)-'] and is determined as the rate of the extracellular accumulation of
the oxidation product in the reaction medium. The maiimnm reaction rates quoted in the literature are presented.
b Immobilised by covalent binding to DEAE cellulose.

stage oxidation of alkanes by atmospheric oxygen to alcohols and
methyl ketones with the aid of the cells of gas-assimilating
microorganisms is demonstrated in Table 10.

In the microbiological hydroxylation of alkanes, certain
additional problems, which do not exist in the epoxidation of
alkenes, arise. One of them involves the search for an effective
inhibitor of the further bioconversion of the alcohol formed in the
reaction (see the Scheme in Table 10). The point is that, during the
growth of microorganisms on saturated hydrocarbons, the pri-
mary activation of a C - H bond of the hydrocarbon by the
bacterial monoxygenase results in the formation of molecules of
a primary or secondary alcohol (Fig. 2), which are converted by
alcohol dehydrogenase into an aldehyde or methyl ketone
respectively.23-25-27 The aldehyde molecules then undergo further
metabolic transformations, leading to the incorporation of carbon
into the biomass, whereas the methyl ketones accumulate in the
reaction medium. The problem of the search for an effective
universal inhibitor of alcohol dehydrogenase, which would inter-
rupt the cell metabolism at the stage involving the formation of a
primary or secondary alcohol, has still not been solved and it
apparently should be solved individually in each specific case.
Cyclopropanol, pyrazole, and the sodium salt of ethylenedi-
aminetetraacetic acid (EDTA) are the most effective of the
inhibitors of bacterial alcohol dehydrogenases investigated
(Table 10).

As in the microbiological epoxidation of alkenes, the concen-
tration of the final oxygen-containing product (an alcohol or a
methyl ketone) in the reaction mixture does not exceed several tens
of millimoles per litre. The hydroxylation process is retarded as a
function of time. The causes of this retardation may be as follows:
an increase in the rate of bioconversion of the alcohol formed; the
consumption of the cofactor (electron donor) required for the
oxidative biotransformation of the hydrocarbons; the toxic effect
of the alcohol or methyl ketone, accumulated in the reaction
medium, on the microbial cell.

Thus the problems of reducing the toxic effect of the oxygen-
containing product formed, of the regeneration of the monoxy-
genase cofactor with the aid of available low molecular-mass
substrates of the coupled enzymic reactions, and the isolation of
the final oxygen-containing product from dilute buffer solutions
arise when the hydroxylation process is carried out. In addition, it
is necessary to solve also the problem of inhibiting the further
bioconversion of the alcohol formed. The procedures for over-
coming some of these difficulties were described above.

There is so far no need for the practical implementation of the
biocatalytic alkane hydroxylation processes, since in the basic
industrial organic synthesis traditional chemical procedures for
the synthesis of alcohols (of methanol from the synthesis gas and
of ethanol by the hydration of ethene) are widely employed. In
terms of their economic parameters, in particular in terms of the
cost of the final oxygen-containing product, they cannot at the
moment be competed with.
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VI. Conclusion
The alternative biotechnologjcal procedures for the direct selec-
tive oxidation of gaseous C1-C4 alkanes and C2-C4 alkenes
make it possible to obtain valuable oxygen-containing prod-
ucts — alcohols and epoxides. The single-stage oxidative trans-
formations of hydrocarbons can occur with participation of the
bacterial cells of gas-assimilating microorganisms with the neces-
sary monoxygenase enzyme activity. The biocatalytic processes
are distinguished by a low energy consumption, because they are
carried out under mild conditions and at low temperatures (below
40 °C), by a high selectivity (close to 100%) independent of the
degree of conversion of the initial substrate, and, what is most
important, by stereospecificity. One optically active stereoisomer
may predominate in the oxygen-containing product, which is
impossible when the analogous chemical processes are per-
formed. It is at present still too early to consider the replacement
of the large scale organic synthesis in industry by oxidative
biocatalytic processes, but the scientific investigations performed
in this field, which are at the boundary between microbiology and
organic chemistry, are quite timely and promising.
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Abstract. Published data concerning the quantitative estimation
of the inductive interaction of functional groups in organic and
organoelement compounds are systematically described. Studies
carried out by the authors and devoted to the elaboration of a new
model of the inductive effect, permitting theoretical calculation of
inductive constants of various substituents at any reactive centre,
are surveyed. The possibility of using this approach to solve some
important theoretical problems associated with the inductive
effect such as the inductive influence in organoelement com-
pounds and the inductive effects of alkyl groups is discussed.
The bibliography includes 132 references.

I. Introduction
The relationship between the structure and reactivity of organic
and organoelement compounds is a fundamental problem in
modern chemistry. The overall interaction of a substituent with a
reaction centre is usually considered to consist of inductive,
resonance, and steric components. The correct separation of
these components is one of the main problems hampering further
development of quantitative organic chemistry and correlation
analysis. The difficulties in solving this problem are associated
with the fact that, within the framework of widely used empirical
methods in which the influence of substituents is quantitatively
evaluated based on standard reaction series, it is extremely
difficult (if possible at all) to elaborate any reliable criteria for
dividing the overall effect into its elementary constituents.
Numerous attempts undertaken along these lines have always
been based on certain postulates and assumptions that initially
looked quite justified, but sooner or later, following subsequent
development of theory and experimental methods, these came into
question and were criticised or, in some cases, even totally
rejected. A great number of various experimental scales of
inductive constants have been developed, the physical meaning
of which are quite obscure and the limits of applicability difficult
to predict.
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This accounts for the interest aroused in recent years in the
quantitative evaluation of various effects of substituents by
nonempirical methods. Among the latter, nonempirical proce-
dures for the calculation of the total energy of a system and of its
constituents, i.e. ab initio quantum-chemical calculations, are
undoubtedly the most strict. However, the use of these calcula-
tions for real reaction series, which are of interest for researchers,
is held up for a number of objective reasons. The main reasons are
the capacity of computers and of software and the fact that these
calculations are very time-consuming and expensive. Therefore,
ab initio calculations are in fact inexpedient for the vast majority
of known reaction series, especially for those involving complex
organic and organoelement compounds.

This fact, in its turn, stimulated the development of various
non-quantum-chemical calculation methods, the low accuracy of
which is largely counter-balanced by their simplicity and intelli-
gible mathematics. Besides, their accuracy is often quite sufficient
for the solution of particular problems arising in the studies of
reactivities and reaction mechanisms. In our opinion, the most
promising approach is the construction of certain models for the
manifestation of an effect, these models being usually based on
fairly simple physical laws and thus having quite obvious physical
meaning. Our experience in the field of the steric effect1"3 has
demonstrated that modelling is an extremely effective method for
the quantitative evaluation of the influence of substituents. For
example, the model of the frontal steric effect developed by us
makes it possible not only to calculate adequately the steric effect
of any substituent at any reaction centre with high accuracy but
also to solve many other problems that are difficult to solve or
cannot be solved in terms of existing empirical scales.

Thus, it can be said with confidence that modelling is the most
promising method for the quantitative analysis of reactivity in
physical organic chemistry and in correlation analysis.

In this review we consider the main approaches to the
quantitative evaluation of the inductive influence of substituents
only within the limits needed to understand the essence of this
problem, so as not to duplicate the data covered by reviews and
monographs published previously.4"11 Attention is focused on
the possibility of modelling the inductive effect in order to develop
a unified versatile approach to the quantitative theoretical
evaluation of the inductive constants of any substituent at any
reaction centre. We believe that our model of the inductive effect
gives a reliable tool to researchers for the evaluation of the
relationship between the structure and the reactivity of organic
and organoelement molecules.
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II. Inductive effect of substituents in the chemistry
of organic and organoelement compounds
The idea of the mutual influence of atoms and groups appeared
long ago during the development of the theory of chemical
structure. Later, investigations of the characteristic features of
intramolecular interactions have occupied a prominent place in
chemical research. Numerous approaches to the evaluation of the
electronic interactions between functional groups in a molecule
have been elaborated. Among them, the theory of electron
displacements, within the framework of which views on the
inductive effect have been developed, is considered the most
adequate.4

The term 'induction' derives from the Latin word induetio. By
analogy with the inductive effect in electrostatics, the inductive
effect in the theory of reactivity has been historically interpreted as
the variation of the electron density on an atom or functional
group under the action of certain factors.

The history of the development of opinions on the inductive
effect as well as their current application to the theory of reactivity
have been surveyed in the monograph by Vereshchagin,4 which we
repeatedly cite.

In our review, we briefly outline the most significant aspects of
the problem in question that relate directly to the quantitative
description of the inductive influence of substituents.

1. The nature of inductive effect and the mechanism of its
transfer
Although there is no strict mathematical description of the nature
of the inductive effect, this is generally clear and reduces to the
classical view that electron density flows from the atom with a
lower electronegativity to the atom with a higher electronegativ-
ity. As early as 1916, Lewis described for the first time the
consecutive displacement of the electron pairs forming the bonds
along a chain of atoms in relation to chloroacetic acid. Later, this
served as the basis for the development of the theory of electron
displacements.12"14 However, there is still no clear knowledge
concerning the mechanism by which the inductive influence is
transmitted. Two possible mechanisms for the propagation of this
effect are discussed in the literature, both having their pros and
cons and their adherents and opponents.

The first mechanism described long ago by Lewis suggests that
the influence is transmitted along the bonds by their consecutive
polarisation. The electronic asymmetry arising due to the differ-
ence between the electron-withdrawing properties of two atoms
linked together can propagate along the molecule by a mechanism
similar to the electrostatic induction.4-13

According to this mechanism, each atom or a group of atoms
is characterised by the coefficient of conduction of the inductive
influence. The conduction coefficient Z does not depend on the
position of the unit (atom) between a substituent and a reaction
centre. The overall attenuation of the effect in a chain consisting of
bridging units X-A-B-C-Y is proportional to the product of the
coefficients of attenuation of the inductive influence on each of the
intermediate atoms, so

ff(XABQ= <r(X)Z(A)Z(B)Z(C),

and for a chain consisting of identical atoms it is written as

The parameters Z are calculated from empirical relations con-
necting either the (7-constants of the substituents containing and
not containing the conducting group (a-a method)

Z(B)
ff(BX)
<7(X) '

or the corresponding reaction parameters p (the p-p method)

If there exist several paths for the transmission of the inductive
influence of a substituent, i.e. the substituent and the reaction
centre are separated by several conducting systems, the inductive
effect is assumed to propagate along these systems independently
and in an additive manner. In the general case, in terms of the
'bond' mechanism, the intensity of an inductive effect should
depend on the number of bonds separating the substituent and the
reaction centre.

An alternative mechanism of the transfer of inductive effect
involves interaction of functional groups through space. This
induction mechanism is purely electrostatic in its nature and, like
the concept of electron density displacement along bonds, it has
been known for a long time. This approach was proposed for the
first time by Ingold, who postulated that the intensity of an
inductive influence should depend on the presence of an electric
field in the space directly adjacent to the molecule.14 Later, the
electrostatic mechanism of the influence of substituents was called
the 'Held effect'. It has been assumed to occur via electrostatic
ion-ion, ion-dipole, and dipole-dipole interactions, the inten-
sity of which is described by various functions of the distance r~"
(n = 2-4).5 In this case, the intensity of the inductive interaction
of a substituent with a reaction centre depends directly on
intramolecular distances.

In recent years, preference has been given to the field
mechanism of the inductive effect; an increasing number of
scientists are apt to consider the inductive interaction in terms of
the electrostatic concept.4-ls Strictly speaking, the transmission of
the influence 'along bonds' and 'through space' should not be
regarded as alternative mechanisms. Whereas the field theory
accounts well for the very fact of the Coulomb stabilisation of
charges arising in a molecule, the nature of their appearance, i.e.
the mechanism of the intramolecular redistribution of the electron
density, still remains obscure. In any case, electron density
redistribution can hardly be conceived without participation of
molecular orbitals.

2. Quantitative methods for the evaluation of the inductive
effect
The methods that permit the quantitative description of each of
the constituents of the overall influence of substituents on the
reaction centre (inductive, resonance, and steric) can be divided
conventionally into three main groups. Empirical approaches
according to which the influence of a substituent is inferred from
data on the reactivity or the physical properties of molecules have
found the widest application. As a rule, standard procedures of
regression analysis are used. The second group of methods is
based on quantum-chemical calculations (ab initio and semiem-
pirical methods) or on the use of fundamental characteristics of
atoms, groups, or molecules that obey particular empirical
relations. Methods that involve the construction of formal
models of the corresponding interactions based, as a rule, on
fairly simple physical laws should also be assigned to this group.
Finally, a separate group includes topological approaches, which
occupy a certain intermediate position between the methods
belonging to the first and second groups.

a. Empirical methods. Inductive interaction constants
Experimental methods for the evaluation of the influence of
substituents are based on the possibility of representing the
variation of Gibbs free energy in a reaction (AG) or the Gibbs
energy of activation as a sum of independent constituents 5> 7>' *

AG = AGi + AGR + AGS.

Each term reflects the contribution of a particular substituent
effect — inductive (I), resonance (R), or steric (S). The principles
of linearity of free energy (LFE) and polylinearity (PL) make it
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possible to perform mathematical formalisation of the problem of
the relationship between structure and reactivity.

Quantitative evaluation of the inductive influence of substi-
tuents became possible for the first time within the framework of
the approach developed by Hammett. Based on the LFE principle,
he proposed an empirical equation (which has gained wide
acceptance) to describe the ionisation of substituted benzoic
acids17

where Kand Ko are the ionisation constants of the corresponding
substituted and unsubstituted acids, a is a universal constant
specific for a substituent in the benzene ring, which remains
invariable over a reaction series, and p is a constant reflecting
the sensitivity of the reaction centre to the variation of the
influence of a substituent. Since substituents in the benzene ring
(especially those occupying the para-position) can exert influence
by both inductive and resonance mechanisms, the Hammett
constants a are considered to reflect the overall effect, i.e. they
incorporate the inductive and resonance constituents.

Later, the Hammett method was modified many times, but the
vast majority of these modifications referred to the chemistry of
aromatic compounds.6 For the series of aliphatic compounds, the
Hammett relation, as a rule, did not hold. Taft suggested that in
the case of aliphatic compounds, steric substituent effects are
significant. Hence, for the Hammett relation to be obeyed, steric
effects should be separated from electronic effects. Taft accom-
plished this task based on standard reaction series of the alkaline
and acid hydrolysis of alkyl carboxylates.18

T* =

where a * is a substituent constant depending only on its inductive
influence, k and ko are rate constants for the reactions involving
the given compound and the standard compound with the CH3
substituent, respectively, and Es is the substituent constant
reflecting its steric influence; the indices A and B refer to the
otherwise identical reactions of alkaline and acid hydrolysis of
fully substituted esters of carboxylic acids. The factor 2.48 was
introduced in order to reduce the a* scale to the scale of Hammett
cr-constants. This procedure was used to determine the purely
inductive constants for aliphatic groups.

Another model, which permits direct determination of the
inductive influence of substituents, was proposed by Roberts and
Moreland in 1953.19 In this model, dissociation constants for a
series of 4-substituted bicyclo[2.2.2]octanecarboxylic acids are
used.

R—r V - COOH

In these systems, the resonance mechanism for the transfer of
substituent influence to the reaction centre is impossible, and the
substituents are reliably removed from the reaction centre owing
to the rigid cyclic structure, as in the case of the benzene ring. Thus
the steric effect of the substituents is reduced virtually to zero, and
the influence of substituents on the reaction centre in the
molecules of bicyclooctanecarboxylic acids occurs exclusively by
the inductive mechanism. The ^-constants (sometimes, designa-
tions a\ and a' are used), which are based on the dissociation of a
series of bicyclooctanecarboxylic acids, reflect only the inductive
influence of the corresponding substituents.

In place of the bicyclooctanecarboxylic acids, other rigid
polycyclic systems can also be used, for example, 3-substituted
adamantane-1 -carboxylic acids, 3-substituted bicyclof 1.1.1 ]pen-

tane-1-carboxylic acids, /nmy-4-substituted cyclohexanecar-
boxylic acids, and quinuclidinium ions.4 The inductive constants
of substituents determined for these reaction series correlate fairly
closely with one another; this confirms the legitimacy of the
neglect of all effects except for the inductive effect in this case.
However, the specific structure of these model systems does not
make it possible to cover the whole set of substituents.

a-Constants, free from a contribution due to direct polar
conjugation, are also used as a measure of the inductive influence
of substituents. Substituted benzoic acids are used as the standard
reaction series for the determination of these constants. As a rule,
only compounds with mefa-substituents are included in the basic
sets; insulation series of compounds, i.e. those in which the
reaction centre is separated from the aromatic ring by a saturated
group, are used as secondary reaction series. The idea of using
insulation reaction series was proposed for the first time by
Jaffe,20 who suggested that substituted benzoic acids should be
used as a standard reaction series and arylacetic and arylcar-
boxylic acids should be used as insulation series.

Later this method was widely developed.21 A large number of
qualitatively similar scales of inductive constants, which have
been obtained by the separation of the inductive influence from
the conjugation effect in aromatic systems, have been proposed.
However, it should be noted that constants 'free from direct polar
conjugation' can be regarded as inductive constants only conven-
tionally, because in the standard series of substituted benzoic acids
(used in all these approaches), the possibility of conjugation of the
aryl and carboxyl groups cannot be ruled out.4

At present, a large number of inductive constants for hun-
dreds of diverse substituents have been determined; these con-
stants form more than a dozen of the most extensively used scales.
As a rule, they correlate well with one another. Thus, we can say
with confidence that the empirical inductive constants, based on
standard reaction series, properly reflect the donor-acceptor
properties of substituents and can be adequately used in quanti-
tative organic chemistry.

It is also noteworthy that the approach developed by Ham-
mett and Taft for the analysis of organic compounds proved
applicable to the reactivity of organoelement compounds.

For example, Jaffe et al.22 noted that the ionisation constants
of arylboric 1 and arylarsenous 2 acids obey the Hammett
equation, which is also applicable to some other reactions of
these compounds.20'M

B(OH)2 As(O)(OH)2

Numerous attempts have been undertaken to use the Ham-
mett-Taft equation for a description of the reactivity of organo-
silicon compounds. In particular, it was found that the rates of
reactions of organosilanes (RnSfflU-,,) with alcohols, amines, and
phenols correlate with the a- and <7*-constants of substituents.6

However, these attempts can hardly be considered successful, due
to the known specific character of organosilicon compounds. For
example, it has been proposed24 to introduce new <rsi-constants
for organosilicon compounds which reflect, like the Hammett
constants, the overall effect of a substituent on a reaction centre.

Relations, similar to the Hammett equation, can also be used
to describe the reactivity of organomagnesium and organomer-
cury compounds.6 Jaffe 20-23 has noted a good correlation of the
<7-constants for some organoantimony compounds. In addition,
the existence of a correlation between the dissociation constants of
various metal complexes and the a-constants of the substituents in
the ligand molecules has been noted in a number of papers. In
particular, the Hammett equation appropriately describes the
instability constants for Ni- and Ag-pyridinates, Ni- and Fe-
1,10-phenanthroline complexes, copper complexes of aromatic
carboxylic acids, etc.6 In recent years, an ever increasing number
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of papers have been published in which correlation equations have
been used to describe the reactivity of organometallic compounds,
for example, derivatives of zirconium,25 vanadium,26 nickel,27

ruthenium,28-29 cobalt,30"32 etc.
However, the correlation analysis equations have found the

most extensive application in the evaluation of the reactivity of
phosphorus compounds. Jaffe22 has shown that the ionisation
constants for arylphosphonic acids 3 obey the Hammett equation.

•P(OXOH)2

Later, other examples of using correlation equations in the
chemistry of trivalent and pentavalent phosphorus derivatives
were found. The most general approach to the problem of
correlation analysis of the reactivities of organophosphorus
compounds (OPC) has been developed by Kabachnik and
Mastryukova.8'9 They suggested that the dissociation of oxygen-
containing acids of tetracoordinated phosphorus should be used
as the basic reaction series for OPC and introduced special
phosphorus <rp-constants as a measure of the influence of
substituents on the dissociation constant of P(IV) acids in water
at25°C:

where Ab is the dissociation constant for phosphide acid
H2P(O)OH [in this case, crp(H) = OJ.

The <7p-constants have been actively used for many years and
are still used to analyse the reactivities of diverse classes of
organophosphorus compounds. For example, it has been shown
that the £<rp values correlate linearly with the dissociation
constants of various phosphorus-based oxygen- and dithio-acids
in aqueous alcohol,33 with the basicity constants of phosphines,34

with the rate constants for the addition of bromine to esters of
vinylphosphinic and phosphinic acids,35 and with benzylation
constants of sodium phosphorus dithioates,36 etc.

These constants have been widely used in our laboratory for
the interpretation of the reaction mechanisms and reactivities of
thio-derivatives of phosphorus acids; their complex-formation
properties,37"41 dissociation constants,42"44 oxidation poten-
tials,45 rate constants for addition reactions,46"51 specific solva-
tion energies,52-53 and some other properties54"56 have been
described in this way. The reactivities of OPC toward reactions
involving functional groups attached to the phosphorus atom
were described by the ap-constants most adequately. However, the
use of <rp for reactions in which the tricoordinated and, especially,
tetracoordinated phosphorus atoms themselves act as the reaction
centres was not always successful.

Kabachnik and Mastryukova9 suggested that the relative
contributions of the inductive (<yp) and resonance (OR) constitu-
ents to the <rp-constants vary on passing from one reaction to
another.

It is notable that this equation has been used successfully in a
study of the kinetics and mechanism of cyanoethylation of
phosphorus dithio-acids.49-50

With the progress of cp analysis in organophosphorus
chemistry, the opinion has emerged that the <rp-constants are
compound parameters, since they include inductive, resonance,
and steric constituents, which can be adequately described by
virtue of the classical 'carbon' constants.57-58 This is confirmed,
for example, by the strictly linear relationship between the steric
effects of substituents at phosphorus and carbon atoms.59-60

Consequently, it became widely believed that the nature of
substituent effects in the chemistry of organic and organoelement
compounds was the same,4 and that it was therefore reasonable to
use the classical 'carbon' constants in the analysis of reactivities of
organoelement compounds.

However, this approach does not necessarily work, and the
reactivity of the corresponding classes of compounds is often
described much more adequately by the 'special' organoelement
constants than by the classical 'carbon' ones.

It should be noted that at present, the question of linearity of
the inductive influences of substituents on carbon and hetero-
atomic (organoelement) reaction centres is not completely clear.
This problem is still a sore spot in the quantitative theory of
reactivity of organoelement compounds.

At the same time, the data accumulated to date make it
possible to conclude that empirical inductive constants are fairly
versatile, at least in classical organic chemistry, and that they
apparently reflect adequately the inductive influence of substitu-
ents.

It should be noted that the methods for the determination of
the empirical inductive constants are not at all restricted to the
approaches based on consideration of quantitative data on
reactivities. It is well known that substituents influence the
physical properties of molecules in the ground state. Innumerable
examples of correlations of a constants with diverse physical
properties, which are associated in one way or another with the
electron density distribution, have been found.4-61 Based on these
correlations, a large number of extensively used empirical scales of
substituent constants have been developed.62 Characteristics
obtained by NMR,4-6-55-63 NQR,4-14-MIR,4-6-14-65-66 and photo-
electron spectroscopy,4 as well as data on dipole moments and
polarisability of molecules 4-6-14-67 are used most frequently for
this purpose.

It has been reported that the Hammett equation can be
applied to the solution of some mass-spectrometric problems6

and to the description of the solvatochromic effect.6 Correlation
equations have found application in polarography,18-25-26-41-68 in
the interpretation of fluorescence spectra,69 in studies of some gas-
phase processes,70"73 and in the rationalisation of scintillation
activity data.6 The optical rotation of fS-D-galactosides 6 as well as
parameters describing the activity of enzymes,74 the electrical
conductivity of some crystalline compounds, etc. are correlated
with the ff-constants of substituents. The number of known
correlations is constantly increasing, since more and more
experimental data are quantitatively interpreted in terms of the
correlation equations.

Thus, the inductive and other substituent constants can
adequately describe both the reactivities and the physical proper-
ties of diverse organic and organoelement compounds.

However, the dependences obtained are not necessarily suit-
able for the determination of new substituent parameters,
although they often provide information on the spatial structures
of molecules and on the nature and mechanisms of various
intramolecular interactions.

In recent years, an increasing number of new complex
substituents have appeared in organic and, especially, in orga-
noelement chemistry. These substituents have not been described
and some of them cannot in principle be described quantitatively
within the framework of empirical methods. Moreover, as noted
above, none of the empirical approaches claims or can claim to be
a physical model, capable of disclosing the nature and mechanism
of the transmission of the inductive influence. In addition, none of
the approaches described above possesses a versatile mathemat-
ical technique establishing the quantitative relationship between
the structure and reactivity of organic and organoelement com-
pounds. Therefore, it is no wonder that interest in the quantitative
evaluation of substituent effects based on nonempirical and
semiempirical methods has grown so sharply in recent years.
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b. Semiempirical methods for the evaluation of inductive effects
Methods based on the formal analysis of a structure with the aim
of identifying the correlation between the structure and a property
(topological methods) have been used in theoretical organic
chemistry for a long time.

The development of the topological approach is largely
associated with the application of the methods of graph theory.73

An abstract model of the structure, the so-called 'molecular
graph', is normally characterised by two matrices, namely, by
the adjacency matrix A, in which Ay elements are equivalent to
elements Aj, and are equal to 1 if the nodes i and; are linked by an
edge and to 0 if they are not linked, as well as by the distance
matrix D, in which Dy elements are equivalent to Dp and
correspond to the number of edges situated on the way from the
node i t o / The topological indices are quantitative characteristics
of these graphs and are various combinations of elements of both
matrices reflecting particular aspects of the molecular structure.

The topological index was used for the first time by Wiener,76

who introduced the index W, which denoted the number of edges
needed to connect all the pairs of nodes to one another and
indicated the degree of branching in the molecule. Later, other
indices similar to W were introduced, for example, the index 7,77

the Altenburg index,78 the Platt index / ,7 9 and the index N2

derived from it.80 The Hosoya index Z 8 1 reflects the distance
between all the disconnected nodes. The Gutman (Af),82 Randic
Of),83 and Kier (hx)

84 indices show the degree of substitution at
each node of the graph.

A new group of information indices 1^ and / j ^ has been
introduced by Bonchev.85 These are combinations of W, Z, and x
indices. The group of centric Balaban indices86 — the centric
index a, the binormal quadratic index a', and the binormal centric
index a " — reflect the structure of a tree-like graph. These indices
are also related to the geometrical structure of the molecule.

All the indices listed above are used in chemistry. Correlations
of the topological indices with various parameters have been
found, for example, with solubility, boiling point, density,
diamagnetic susceptibility, heat of atomisation, formation, and
vaporisation, and molar volume. High-quality relationships
between the topological indices and steric parameters (molecular
volume, molecular refraction, and surface area of the molecules)
have been obtained.1-57 The correlations of the topological indices
with the steric constants from the Es and Vx empirical scales have
been established successfully.

The use of graph theory within the framework of the global
'structure-property' problem frequently leads to adequate
results. However, the use of topological indices suffers from
obvious drawbacks. Not all the characteristic features of molec-
ular structure are taken into account (for example, the conforma-
tion is ignored) and, what is more important, the physical meaning
of these indices is obscure. Despite the fact that in some cases the
topological indices correlate with electronic parameters (ionisa-
tion potential, electron affinity, polarisability, chemical shifts in
NMR spectra, optical density, etc.),1'57 one cannot speak of
serious application of the graph theory to the evaluation of
electronic effects of substituents.

Together with the purely topological method for the evalu-
ation of the influence of the structure of molecules on their
properties, which does not reflect the distribution and redistribu-
tion of the electron density, there exist a number of approaches
which take into account to a certain extent the mutual arrange-
ment of atoms and groups.

The modelling of interactions based on the structural charac-
teristics and geometrical parameters in relation to the inductive
effect has been accomplished by various procedures. The best
known is the Dewar method developed for naphthalene deriva-
tives. Several modifications of this method exist. In terms of one of
them, the Hammett constant is described by a two-parameter
equation:4-74

where i*b is the substituent field (inductive) constant, r is the
distance from this substituent to the reaction centre expressed in
terms of the aromatic carbon-carbon bond lengths, M is the
mesomeric constant, and q is excess charge. The first term
describes the field effect and the second term corresponds to
conjugation. The Fu and F'D constants obtained in various
modifications of the Dewar method are somewhat different.

Further development of the Dewar approach has been
associated with the introduction of other initial scales of sub-
stituent constants. For example, the FD(S) scale, which has been
elaborated for the analysis of 19F NMR spectra and which takes
into account not only the distance from the substituent to the
reaction centre but also the orientation of substituents with
respect to the C—F bond,4 differs substantially from other scales.

The method of additive determination of inductive constants
suggested by Taft,4'5 who was the first to introduce the additivity
principle for the inductive influence, can be regarded as being
'conventionally topological'. According to this method, the over-
all inductive influence of a complex substituent is determined by
the inductive effects of fragments incorporated in it.

The Dewar approach and the Taft method share the common
property that they are based on the analysis of substituent
constants themselves, i.e. they can be classified as empirical
methods. In addition, both approaches take into account in a
certain way the geometry and the electronic structures of mole-
cules: according to Dewar, the influence of substituents on the
reaction centre is determined by the distance separating them in
space, whereas according to Taft, it is determined by the number
and nature of the fragments separating them.

The approach developed in the studies of Tatevskii,87'88 which
permits quantitative description of intramolecular interactions in
saturated hydrocarbons and their derivatives of the same type by
virtue of bond increments, is also noteworthy. C—C and C—X
bonds are divided into types according to the hybridisation of the
carbon atoms and into sub-types according to the number of
hydrocarbon substituents at each of them. Both scalar properties
— energy characteristics, specific volumes, densities, refractions,
etc. — and such properties as bond polarities and dipole moments
have been considered within the framework of this approach.

The key feature, which distinguishes semiempirical methods
from empirical methods, is that the constants can be calculated
theoretically rather than found directly from correlations with the
physicochemical properties or reactivity data.

c. Non-empirical methods for the evaluation of the inductive effect
Among non-empirical methods for the evaluation of the inductive
influence of substituents, the quantum-chemical approach should
undoubtedly be considered the most rigorous. The quantum
theory permits the calculation of molecular energies and charges
on atoms (the electron density distribution). Thus, consideration
of the calculated parameters over a reaction series with variation
of a substituent, precluding the conjugation effect, provides a
direct path to the description of inductive interactions.

The simplest approach involves the separation of the con-
tributions of the inductive and resonance constituents to the
variation of the reaction free energies found by quantum-chem-
ical calculations in a good approximation. Another method
involves correlation of the o\ basic set with the quantum-chemical
characteristics of the charge distribution in the molecules incor-
porating the corresponding substituents.4

For various mechanisms of transmission of the inductive
influence, different quantum-chemical calculation models are
chosen. For example, ab initio calculations carried out under the
assumption that the inductive influence is transmitted 'along
bonds' result in uniform attenuation in n-alkyl radicals of the
electron density variations caused by the substituent.4'62
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In recent years, the method of 'isolated molecules' has been
widely used for the modelling of the field effect. In conformity
with this method, ab initio calculations are carried out in parallel
for two systems: for the molecule under study and for a pair of
simplest isolated molecules arranged so that the interacting
fragments in them are oriented in exactly the same way as in the
molecule under study (the X—H H—H system). Thus the value
Ag = 0H(X) — ?H(H) characterises the inductive effect of the sub-
stituent X and proves proportional to the inductive ffi(X)-
constant.89 This approach served as the basis for the introduction
of a new scale of 'theoretical field' constants of substituents TF,
determined from the charge variation on the (3-hydrogen atom in
para-substituted styrenes.4-90

However, the extensive use of quantum-chemical calculations
in the analysis of substituent effects is hampered by the insufficient
level of their development. In addition to the fact that these
methods are time-consuming and require the use of complex
software, the level of which does not always correspond to the
complexity of the problems solved, quantum-chemical calcula-
tions are held up by a number of other objective factors.91 In
particular, the use of various approximations sometimes leads to
results that disagree with one another or are even fundamentally
contradictory. For example, the charges on the hydrogen atoms in
alkanes calculated by various methods can differ not only in
magnitude but also in sign.4"6-89

Thus, it is not surprising that attempts are made now and then
to develop formal non-quantum-chemical models for intramolec-
ular electrostatic interactions. The principles of the construction
of such models were formulated most clearly by Remick,92 Smith
and Eyring,93 and Del Re,4 who considered dipole moments, and
by Pacey et al.,94 who analysed the standard enthalpies of
formation of substituted alkanes.

Thus, studies on the influence of substituents on the dissocia-
tion constants of acids played an important role in the develop-
ment of the Bjerrum-Kirkwood-Westheimer electrostatic
theory. According to this theory, the energy of interaction of the
anion resulting from the dissociation of an acid containing a polar
substituent, with the substituent dipole4 is expressed by the
following equation:

1

where Kx and AH are the dissociation constants for the substituted
and unsubstituted acids, respectively, n is the dipole moment in
the substituent, e is the dielectric permeability of the medium, r is
the distance between the charge and the dipole, and 6 is the angle
between the vectors r and /i.

Since the parameters for effective dielectric permeabilities
were selected empirically, it was necessary to develop a procedure
for calculating the e value. This problem was solved by Kirkwood
and Westheimer 95 in terms of a model based on a molecular cavity
placed into a continuous dielectric medium. Later this model was
repeatedly modified and widely used for the description of the
chemical properties of compounds4-95""108 and for the interpreta-
tion of some experimental data that cannot be described quanti-
tatively within the framework of the classical correlation analysis
involving the Hammett-Taft equation.107-l08

It should be noted that all models based on the electrostatic
theory suggest that the charges and dipoles are constant, the
electron displacements remaining beyond their consideration.
However, it is the laws of electrostatics that ensure the basic
similarity between the influence of substituents on the energy
characteristics and on the electron density distribution.4

Thus, neither nonempirical approaches nor the construction
of electrostatic interaction models currently provides a universal
description of the inductive effect; therefore, these approaches

cannot compete with empirical methods for the determination of
inductive constants. In turn, experimental approaches based on
data on the reactivities and physical properties of compounds do
not allow one to reveal comprehensively the physical nature of
intramolecular interactions and so do not possess sufficient
prognostic potential.

m . The problem of a unified scale of inductive
constants
The diversity of approaches to the evaluation of inductive effects
in the description of reactivities of organic and organoelement
compounds points to a need for the development of a universal
scale of inductive constants, which would be suitable for use in any
field of organic and organoelement chemistry. Three approaches
to the solution of this problem can be suggested:

(1) the use of several scales in various fields, according to their
maximum efficiency;

(2) the search for a universal scale with several parameters;
(3) the calculation of the total energy of the system in each

particular case.
The first approach reflects the current situation in chemistry:

numerous scales of various constants of substituent are currently
in use, their success being as a rule difficult to predict, especially in
the chemistry of organoelement compounds. Furthermore, a
strategy for choosing a particular scale does not exist, and one
can hardly be expected in the near future.

The calculation of the total energy of a system is, of course, the
most universal method to account for the inductive effect and also
of other effects. However, as noted above, a wide use of molecular
mechanics and quantum chemistry for the quantitative evaluation
of reactivity still seems not to be realisable in the near future.

At present, the second approach, namely, the search for a
universal scale having a clear physical meaning, is the optimal
method. The interrelations of the existing scales and numerous
examples of their use in organic and organoelement chemistry,
which indicate the common nature of substituent effects, serve as
prerequisites for this approach. The universal scale should be
based on structural calculations, since empirical scales depend too
much on the particular conditions and on the accuracy of
experiments. Finally, the universal character of this scale should
be based on extensive experimental verification; in other words, it
should describe the maximum possible number of experimental
data, a high quality of correlation being maintained.

Obviously, the development of a unified theoretical scale of
inductive constants requires the elaboration of a quantitative
model of inductive interactions involving intelligible mathemat-
ics (as we have done previously for the evaluation of steric
constants within the framework of the model of the frontal steric
effect.1"3)

The main statement of our steric model is the principle of
simple mechanical shielding of the reaction centre by substituents,
which hamper the access of the second reagent to it. In conformity
with this, the steric constant of a substituent R, is determined in
terms of this model from a fairly simple additive equation: 1~3>59

(1)J l . -301g 1 -

where Ri is the atomic radius of the i-th atom in the substituent and
Ti is the distance from this atom to the reaction centre.

The scale of the /(,-constants obtained within the framework
of the frontal steric effect model is in' good agreement with
experimental scales and describes adequately the steric influences
of diverse substituents. The model possesses a clear physical
meaning and permits not only adequate and accurate calculation
of the steric effect of any substituent at any reaction centre but also
the solution of many other problems that are difficult to solve or
cannot be solved in terms of the existing empirical scales.
Extensive verification of the applicability of this model to
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hundreds of diverse organic and organoelement series revealed no
limitations on the use of this approach.1

It is of interest that an essentially similar approach involving a
virtually identical mathematical technique was suggested later by
Japanese researchers.109-110 A number of other examples of the
successful use of a variety of models for the quantitative analysis
of reactivities and substituent effects have been presented in a
review.1

Thus, our experience and analysis of the recent literature data
make it possible to state with confidence that modelling as a
method for the quantitative evaluation of the influence of
substituents represents a clear-cut world trend in the develop-
ment of quantitative organic chemistry and correlation analysis.

We therefore believed that the use of formal modelling in
relation to the problem of the inductive effect could also prove an
effective and fruitful approach. In a series of papers we have
described a fairly simple model of the inductive effect, which
permits the correct theoretical calculation of the inductive
constants of diverse substituents at virtually any reaction cen-
t r e 15,111 -119 The essence of the model developed by us, its use in
solving practical problems of correlation analysis, and in solving
some theoretical problems concerning the inductive effect are
presented in the subsequent Section of this review. We believe that
this model, owing to its accessibility and relatively simple
mathematics, could be quite useful in the everyday practical
work of chemists who deal with quantitative organic chemistry
and correlation analysis.

IV. An additive model of the inductive effect
1. Basic postulates of the model
Taking into account the fundamental and extensively studied
properties of the inductive effect, we developed an approach that
makes it possible to model with high accuracy the inductive
constants of organic and organoelement substituents and groups
in the Taft scale.111

According to this approach, the inductive effect of a substi-
tuent is determined by the sum of the inductive influences of the
atoms contained within it:

Table 1. Empirical atomic (OA) and group (tro) constants, obtained from
experimental Taft constants.

T* = V ^ ' , (2)
i=\

where a* is the Taft inductive constant of the substituent; n is the
number of atoms in the substituent; and n is the distance from a
particular atom to the reaction centre; in our model a tetracoordi-
nated carbon atom was chosen as the reaction centre.

The empirical parameter (O-A)/, which we introduce here,
determines the capability of an i-th atom of exerting the inductive
effect and depends on the chemical nature of the element and on its
valence state. We calculated the atomic constants <rA for a wide
range of elements in various valence states by substituting
empirical 'tabulated' <r*-constants in Eqn (2) and solving it for
<TA. The resulting values are presented in Table 1.

This additive approach makes it possible to describe with a
relatively high degree of accuracy the inductive constants of
diverse substituents, i.e. of virtually all substituents for which the
<7*-constants are available (Table 2).

The a*-constants found experimentally (o-*CTp) for most
frequently encountered organic substituents form a high-quality
correlation with the corresponding constants (ff*caic) found from
Eqn (2). The constant term of this correlation is equal to zero and
the slope is equal to unity;'! • this corresponds entirely to the mean
values of these parameters.

<4ic = (-0.078 ±0.022) + (1.029 ± 0.012) <r^p

N= \46,R = 0.988,5 = 0.148.
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- O -
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5.88±0.29
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- C = C -

>c=o
-COOR

- N O 2

-CN

- c = c -
>s=o
>so2

>c=s
-NCS
-NCO
- N C

- N O

- N 3

-SCN

£N-O
}P = O
£ P = S

<TG

0.94±0.15

3.29±0.24

4.48±0.14

10.23±0.29

7.56±0.45

3.86±0.08

8.69±0.55

11.14±0.46

8.24±0.19

5.24±0.48

4.51±0.42
6.72 a

3.55"

4.51*

10.6*
7.17"
4.38±0.21

2.52±0.16

" Group constants are estimated on the base of unity values of a*.

Similar high-quality dependences have been obtained for
aromatic,112 organoelement,113 and charged114 substituents
[Eqns (3), (4), and (5), respectively]:

<4ic = (0.046 ±0.025) + (0.944 ± 0.014) <4p

N = 127, * = 0.985, 5 = 0.156,

<4ic = (0.023 ±0.015) + (0.994 ± 0.010) ^

N= 124, R = 0.993,5 = 0.162,

<4fc = (0.081 ±0.093) + (0.999 ±0.092K x p

N = 29, R = 0.986, 5 = 0.310.

(3)

(4)

(5)

The final dependence, describing more than 400 points, has a
correlation coefficient of 0.99,114 i.e. the theoretical inductive
constants correspond completely to the experimental data.

ffcaic = (0.031 ±0.012) + (0.991 ±0.006) <re%p

N = All, R = 0.991, 5 = 0.130.

The high level of additivity of the model suggested makes it
possible to determine the inductive effects of substituents not only
using the (TA-constants of atoms but also (for convenience) using
ffG-constants for groups, which can be obtained similarly to
OA-constants from an equation resembling Eqn (2).111 The
<7G-constants for functional groups most frequently encountered
in organic chemistry (C = O, COOR, CN, NO2, etc.) are also listed
in Table 1. The use of the group constants does not diminish the
accuracy of the calculations of inductive constants,111 which
confirms a certain integrity and the high degree of additivity of
our approach.
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Tabk 2. Experimental and theoretical [calculated from Eqn (2)] Taft inductive <r*-constants.

Substituent Substituent "calc

F
CH2F

a
CH2ci
CHCb
CHCICHS
CHCIC2H5
C2H4O
CH2CHCICH3
Br
CH2Br
CHBrCH3

CHBrC2H5

CHBr2

CHBrCH2Br
C2H4Br (
CH2CHBrCH3

I
CH2I (
C2H4
OH
OCH3
OC2H5
OC3H7-n
OC3H7-iso
OC4H9-n
OC4H9-.iec
OC5Hii-n
OC5Hio-cyclo
OCH2CH2C3HHSO
OCH2C4H9-/er*
L/C'fi (_ CsXx3J t>4Ji9~ tCTt

OC«H,,-cyclo
CH2OH
CH2OCH3
CH(OCH3)2
CH2OC3H7-iso
CH2OC3H7-n
CH2CH2OH
CH2CH2OCH3
CH2CH2OC2H5

SH
SCH3

SC2H5
SC 3H rn
SC3H7-iso
SC4H9-n
SCtHg-sec
CH2SH
CH2SCH3
CH2SC3H7-n
CH2SC3H7-iso
CH2SC4H9-n
CH2CH2SH
CH = CH2

CH = C H - C H 3

C(CH3) = CH2

CH = CH-C2H 5

NH2

NHCH3
NHC2H5
N(CH3)C2H5

N(C2H5)2
CH2NH2
CH(CH3)NHCH3

J.21±0.17
1.10±0.17
2.89±0.17
D.96±0.17
1.95±0.17
J.83±0.17
J.94±0.10
3.3O±O.O7
).24±0.10
2.80±0.17
1.15±0.17
l.09±0.17
).91±0.10
l.97±0.17
l.33±0.10
).17±0.07
X25±0.10
2.38±0.17
).96±0.17
).21±0.10
l.60±0.17
l.79±0.17
L.68±0.17
l.68±0.17
l.61±0.17
l.68±0.17
l.65±0.17
l.55±0.10
i.61±0.17
1.55±0.17
1.54±0.17
l.48±0.17
1.88±0.17
3.56±0.17
3.56±O.1O
I.12±O.17
3.59±0.11
3.61±O.ll
5.23±0.17
D.16±0.17
3.23±0.17
1.61±0.17
1.66±0.17
1.55±0.17
1.48±0.17
1.55±0.17
1.55±0.17
1.48±0.17
D.63±0.17
0.63±0.10
0.54±0.10
0.57±0.10
0.57±0.10
0.19±0.10
0.40±0.17
0.30±0.17
0.50±0.17
0.32±0.17
0.72±0.17
0.69±0.12
0.96±0.12
0.83±0.12
0.86±0.12
0.50±0.12
0.01 ±0.12

3.08
1.27
2.43
1.08
2.16
1.08
1.08
0.50
0.49
2.36
1.14
1.14
1.14
2.28
1.62
0.48
0.51
2.00
1.23
0.39
1.58
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.63
0.54
0.54
1.08
0.54
0.54
0.54
0.22
0.22
1.52
1.55
1.55
1.55
1.55
1.55
1.55
0.63
0.63
0.63
0.63
0.63
0.26
0.42
0.42
0.42
0.42
0.82
0.85
0.83
0.83
0.83
0.29
0.29

CH2N(CH3)2
COCH3
COC3H7-n
COC4H9-n
CH2COCH3
CH2CHO
CH2CH2CHO
CH2CH2COCH3
COOCH3
COOC2H5
COOC3H7-n
COOC3H7-iso
CH2COOH
CH2COOCH3
CH2CH2COOH
CH2CH2COOCH3
CH2CH2COOC2H5
NO2

CH2NO2
CH(CH3)NO2
CH(C2H5)NO2

CH(NO2)2
C(NO2)3
CH2CH2NO2
(CH2)3NO2
CN
CH2CN
CH2CH2CN
(CH2)3CN
C = C H
C = C - C H 3

CH 2 -C=CH
CH2CH2-C=CH
(CH2)3-C=CH
SOCH3
CH2SOCH3

SO2CH3
SO2C3H7-iso
CH2SO2CH3

NCH3NO2

NHCOCH3
NHCOC2H5
NCS
CH2NCS
NCO
CH2NCO
OCH2CI
OCHCh
OCH2F
OCHF2
OCHO
O - C = C H
ONO2
COBr
COF
NHCOCH3
OCOCH3
CH2OCOCH3
CONH2
CH2ONO2
COCN
CH=CHCL-trans
CH=CHCl-cis
CF = CH2

- f̂ H ̂  fHNOv/rfl/u

0.09±0.12
1.70±0.05
1.59±0.09
1.45±0.12
0.69±0.17
0.69±0.17
0.15±0.12
0.11±0.12
1.94±0.07
1.89±0.07
1.99±0.07
1.91±0.07
1.08±0.17
1.09±0.17
0.34±0.17
0.30±0.07
0.22±0.19
4.73±0.17
1.37±0.17
1.30±0.17
1.30±0.17
3.03±0.17
4.62±0.17
0.47±0.17
0.48±0.17
3.48±0.07
1.15±0.17
0.87±0.07
0.43±0.07
1.75±0.07
1.81±0.07
0.76±0.17
0.19±0.07
0.17±0.07
2.89±0.17
1.30±0.17
3.72±0.17
3.59±0.17
1.26±0.17
2.40±0.07
1.59±0.07
1.59±0.07
2.61±0.17
0.94±0.17
2.25±0.17
0.81±0.17
2.58±0.17
3.08±0.17
2.33±0.17
2.83±0.17
3.00±0.17
2.67±0.17
3.76±0.07
2.47±0.17
2.46±0.17
1.59
2.33±0.20
0.79±0.07
1.75±0.17
1.49±0.07
3.43±0.17
0.96±0.07
1.02±0.07
1.57±0.17
1.76±0.12

0.29
1.56
1.56
1.56
0.69
0.69
0.32
0.32
2.05
2.05
2.05
2.05
1.23
1.23
0.53
0.53
0.53
4.72
1.59
1.59
1.59
3.18
4.77
0.73
0.42
3.37
1.67
0.78
0.50
1.72
1.79
0.82
0.31
0.19
2.87
1.18
3.65
3.65
1.63
2.27
1.58
1.58
2.67
0.74
2.30
0.66
2.63
3.28
2.18
2.71
2.83
2.59
3.68
2.58
2.56
1.47
2.25
0.74
1.81
1.62
3.23
0.87
1.20
1.42
1.55
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Table 2 (continued).

Substituent

-CH2NHCONH2

- C O - C H = CH2

- C O - C = C H
- C H = C H - C O O H
-CH2NHCOCH3
-CH2CH2CONH2
- C H = C(CN)2

- C H = C H - C O O H
- C H = CHCOOCH3

-CH2CH2CONHCH3

-SC(S)CH3

-SC(S)SC2H5

-SC(S)OC2HS

^ / — \
|| ||
\ /

- C 6 H 5

- C 6 H 4 F - m

-C$UF-p
-Cel^Cl-m
-C$UC\-p
-C6H4l-m
-CJUl-p
-C6H4Br-/»

-C 6 H4CH 3 -p

- C 6 H 4 O C H 3 - m

-C 6 H4OCH 3 -p

— C6H4C2H5-/?

-CHjCsHs
-CH(CH3)C6H5
-CH2CH2C6H5
-CH2C6H4CN-P
-C6H4(C4H9-/e«)-/>
-C6H3(NO2)2-2,4
-C6H3(NO2)2-3,5
-C6H4NO2-m
-C6H4NO2-p
-C6H4NHCH3-p
-CsHtNCS-m
-C6HAHCS-P

-C6H4N(CH3)2-m
- C s H ^ C H ^ - p (
-C6H4NH2-m (
-C6H4NH2-/» (
-C<sH4N3-m (
-C6H4ICl2-m
-C6H4ICI2-/)

—C&UWr-m
-Cs^IFrp
-C 6 H4lO 2 -m

-C6R.IO2-P
-CeHUNHCN-m (

-C6H4NHCN-/> (

- C s H . N H C H O - m (

0.39±0.17

0.18±0.07

0.27±0.07

1.90±0.17

2.08±0.07

1.00±0.07

0.45±0.17

0.18±0.07

2.58±0.07

0.69±0.07

1.12±0.07

0.25±0.07

2.80±0.17

2.86±0.17

2.60±0.17

1.00±0.12

0.75±0.17

0.95±0.17

0.81±0.17

0.98±0.17

0.87±0.17

0.90±0.17

0.87±0.17

0.86±0.17

0.59±0.17

0.50±0.17

O.60±0.17

t).59±0.17

D.26±0.17

D.36±0.17

D.07±0.17

D.41±0.17

D.52±0.17

1.89±0.17

1.38±0.17

1.22±0.17

l.27±0.17

}.55±0.07

l.04±0.07

3.95±0.07

).61±0.07

).43±0.07

).61±0.07 (

).49±0.07

).88±0.07

.50±0.02

l.50±0.02

l.30±0.02
.31 ±0.02

.13±0.02

.18±0.02

).85±0.02 (

).74±0.02 (

).83±0.02 (

0.64

0.22

0.42

1.76

2.28

0.99

0.65

0.44

2.64

0.65

1.12

0.44

2.61

2.85

2.69

0.91

0.84

0.87

0.81

0.90

0.84

0.94

0.86

9.86

0.64

0.76

0.74

0.64

0.21

0.21

0.O9

0.37

).64

2.06

1.39

1.02

3.92

3.69

3.83

3.78

3.71

3.69

3.71

3.67

).81

1.25

1.18

1.19

1.12

.19

.17
).87

).85

).87

Substituent

- O s H t N H C H O - p

- N H C O C s H ,

-C6H 4OCH 2Cl-m

-CsatOOfccup
-Cs^OCHCb-m
-CeHtOCHCh-p
-C6H4OCH2F-m
-C6H4OCH2F-/;
-OCsHs
~OCt$UCl-m
-oc6H4a-/>
- O C 6 H 4 F - m

-OCftUF-p
- O C ^ I - m
-OCeliil-p
-OC6H4NO2-m
-OC6H4CH3-m
-OC6H4CH3-p
— C6H4SC2H5-P

-C 6 H 4 SCH 3 -m

-C6H4SCH3-P

-SC 6 H 4 Cl-m

-SC6H4Cl-/»

-SOC6H4Cl-m

-SOCeHtCl-p

-SO2C6H4Cl-m

-SO2C6H4CI-P

-SC6H 4 F-m

-SCtHiF-p
-SOCiiUF-rn
-SOCslUF-p
-SO2C 6 H 4 F-m

-SOiCfUF-p
-SC6H4NO2-m

-SC6H4NO2-P

-SOC 6 H 4 NO 2 -m

-SOCeHtNOj-p

- S C 6 H 5

- S O C 6 H 5

- S O 2 C 6 H 5
-SCeKUCN-p

-SC 6 H 4 CH 3 -m
— SC6H4CH3-/7

-SOC6H 4 CH 3 -m

-SOC6H4CH3-/>

-SCjUiOCHj-m
-SCtHiOCH^
-SOC6H4OCH3-^
-SO2C6H4OCH3-m
-SO2C6H4OCH3-p
-SC6H4SCH3-m
-SC6H4SCH3-^
-CeRtCN-m
-Cel^CN-p
-C6H4CHF2-ni
-CeHtCHFj-p
-CelliCHCb-m
-CJUCHClrp
-C 6 H 4 CHBr 2 -m
-C<fUCHBT2-p

-CsHtCHIj-m
-dtUCHh-p
-CsHtCHO-m
-CsHtCHO-p
-CfiHtCOOH-m

^ P

0.81 ±0.02
1.68±0.17
0.88±0.17
0.76±0.17
0.90±0.17
0.96±0.17
0.84±0.17
0.71±0.17
2.47±0.17
2.58±0.17
2.63±0.17
2.52±0.17
2.45±0.17
2.45±0.17
2.40±0.17
2.77±0.17
2.34±0.17
2.31 ±0.17
0.74±0.17
0.79±0.02
0.73±0.02
2.03±0.17
1.98±0.17
3.18±0.17
3.18±0.17
3.47±0.17
3.51±0.17
1.88±0.17
1.78±0.17
3.17±0.17
3.17±0.17
3.55±0.17
3.45±0.17
2.04±0.17
2.34±0.17
3.22±0.17
3.26±0.17
1.89±0.17
3.24±0.17
3.27±0.17
2.30±0.17
1.90±0.17
1.91±0.17
3.01 ±0.17
3.03±0.17
1.90±0.17
1.67±0.17
3.02±0.17
3.26±0.17
3.25±0.17
1.94±0.17
1.70±0.17
1.13±0.03
1.21±0.03
0.93±0.03
0.95±0.03
0.92±0.03
0.93±0.03
0.92±0.03
0.93±0.03
0.89±0.03
0.89±0.03
0.99±0.03
1.03±0.03
0.95±0.02

"•c»lc

0.84
1.71
1.05
0.99
1.23
1.19
1.00
0.96
2.42
2.43
2.37
2.39
2.35
2.45
2.39
2.51
2.21
2.21
0.77
0.81
0.77
2.18
2.15
3.24
3.24
3.83
3.84
2.14
2.12
3.23
3.22
3.70
3.70
2.26
2.21
3.32
3.31
1.99
3.09
3.60
2.17
1.99
1.99
3.09
3.09
2.09
2.07
3.15
3.72
3.72
2.12
2.09
0.92
0.85
0.96
0.94
1.02
0.96
1.07
1.00
1.08
1.02
0.89
0.85
0.81
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Table 2 (continued).

Substituent c

-PO(C3H7-n)2 1
-PO(C4H9-n)2 1
-PO(C4H9)OC4H9
-PO(OC4H9-n)2

.55±0.07

.48±0.07

.62±0.07

.78±0.07
-CH2PO(CH3)2 0.68±0.07
-CH2PO(OCH3)2 (
-CH2PO(CH3)OC2HS <
- C H Z P O ^ H J J J (

-OfcPOtCjHsKJCzHs (
-CH2PO(C3H7-n)2 (
-C6H4[P(CH3)2]-m (
-CeH^CHaM-p (
-C6H4[PO(CH3)2]-m
-C6H4[PO(CH3)2]-^
-ctmraocHiM-m <
-C6H4[P(OCH3)2]-/7 (
-C6H4[PO(OCH3)2]-m (
-C6H4[PO(OCH3)2]-p
-C6H4[PO(OC2H5)2]-»i (
-C6H4[PO(OC2H5)2]-p (
-C^U\PO(CiH5)2]-m
-C6H4[PO(C6H5)2]-P
-C^UPa2-m
-CJUPClrp
-C6H4P(O)Cl2]-m
-C6H4[P(O)Cl2]-p
-QfUPF2-m
-C6H4PF2-/>
-C6H4PH2-m (
-C«H4PH2-/> (
-C6H4tPO(OH)2]-m (

).80±0.07
).70±0.07
).62±0.07
).67±0.07
).59±0.07
).73±0.03
).72±0.03
.01±0.03
.06±0.03

).79±0.03
).81±0.03
).95±0.03
.01±0.03

).92±0.03
).97±0.03
l.02±0.03
I.O7±O.O3
.08±0.03
.14±0.03
,26±0.03
,34±0.03
.05±0.03

L.13±0.03
).74±0.03
).73±0.03
).96±0.03

1.42
1.42
1.85
2.28
0.55
1.21
0.88
0.55
0.88
0.55
0.67
0.66
0.90
0.84
0.86
0.81
1.03
0.98
1.03
0.98
0.98
0.94
1.09
0.98
1.32
1.16
1.01
0.95
0.67
0.66
1.03

Substituent

-C«H4tPO(OH)2]-p

-cocr
-CH2COCT
-CH = CH-COCT
-CH-CN
-CH-COOC2H5

-SOJ
-CH2SOJ
-S+ (CH 3 ) 2

-CH2CH2S+(CH3)2

-(CH2)3S+(CH3)C2H5
-(CH2)4S+(CH3)C2H5
-P+ (CH 3 ) 3

-P+(C2H5)3

-P+CH3(C2H5)2

-C6H4COO--m
-CeliiCOCr-m
-N+H(CH3)2CT
-N+H2(CH3)Cr
- N + H 2 C H 3

-N + H(CH 3 ) 2

-N + H 2 C 2 H 5

-N+(CH3)3Cr
- N + H i Q f y - n
-N+(CH3)3

-N+H2C4H9

-N+H2C4H9-iso
- N + H 3

-CH2N+H(CH3)2

CTexp

1.00±0.03
-1.08±0.17
-0.07±0.17
-0.03±0.17

1.60±0.07
1.25±0.07
0.89±0.17

-0.09±0.17
5.76±0.07
1.60±0.07
0.73±0.07
0.38±0.07
2.51±0.17
1.86±0.17
3.66±0.17
0.60±0.03
0.55±0.03
3.75±0.17
3.69±0.17
3.76±0.17
4.38±0.17
3.75±0.17
4.48±0.17
3.75±0.17
4.38±0.17
3.75±0.17
3.75±0.17
3.78±0.17
1.08±0.17
1.02±0.17

0.98
-1.08
-0 .39

0.01
1.70
1.15
0.68
0.32
5.85
1.12
0.68
0.43
2.67
2.67
2.67
0.58
0.56
4.01
4.01
4.01
4.01
4.01
4.01
4.01
4.01
4.01
4.01
4.01
1.48
1.48

2. Inductive effect and the conformation of a substituent
Obviously, within the framework of the model under considera-
tion, the inductive effect of a particular substituent is substantially
dependent upon its conformation. In particular, the parameters r,-
in Eqn (2), which correspond to the distances from each of the
atoms constituting the substituent to the reaction centre, are
sensitive to the conformation. On the one hand, this is an
argument in favour of the model proposed, because the inductive
effects of substituents depend in reality on their conformations.4

On the other hand, such a conformational sensitivity may appear
at first glance to be an undesirable factor, since the exact
conformation of a substituent is not necessarily known and,
furthermore, the conformation can change during a reaction or
activation.

However, it is easy to see that the number of such substituents
in real reaction series is relatively small. For the majority of
substituents, the problem of conformational uncertainty either
does not exist at all or is easily solved if the occurrence of a
particular conformation amongst several possible conformations
is obvious. Thus, relying on the above majority of substituents, we
can proceed to the reverse procedure, i.e. to determine the
conformation in which a substituent exists (for those substituents
for which the degree of conformational uncertainty is quite large).
In this case, one should merely calculate the inductive effects for
each of the possible conformations, compare the values obtained
with the experimental inductive constant, and choose the value
that is in best agreement with the whole series. An example of such
a sort of conformation analysis is presented in Table 3 for the
substituents CH2COR and for trans-CO. = CHCH2COOR. We
calculated the inductive constants for various possible types of
orientation of these substituents with respect to the reaction centre
and compared the results with the corresponding experimental
values.

It is seen that the acylmethyl substituent has a clear-cut transoid
orientation, which is evidently sterically more favourable.

Table 3. Theoretical (a^) and experimental (ff^p) <r*-constants for the
acylmethyl and toms-alkoxycarbonylpropenyl substituents.

Substituent Conformation

CH2COR

trans-CU = CH - CH2COOR

cis
trans
cis
trans

1.41
0.69
0.65
0.58

0.69
0.69

In the case of the frans-alkoxycarbonylpropenyl substituent,
the difference between the inductive constants of the two con-
formations considered is relatively small; we present this example
in order to demonstrate that conformational transitions do not
necessarily exert a substantial influence on the inductive constant.

In any case, the above analysis indicates that the conforma-
tional sensitivity of the model under consideration is not a
drawback; conversely, this makes the model more flexible and
more useful for practical purposes.

3. Critical analysis of the model and its physical meaning
It is clear that our approach to the description of the inductive
effect of substituents in terms of the additive Eqn (2) is in essence
purely formal. At the same time, the dependence of the
<r*-constants on the reciprocal of the squared distance to the
reaction centre confirms in general the electrostatic field nature of
the inductive effect, because it reflects the involvement of
Coulomb interactions. Besides, good agreement between the
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calculated and experimental inductive constants, which is man-
ifested in the high quality of the correlations, indicates that
<TA-constants reflect the actual ability of various elements to
exert an inductive influence, depending on their chemical nature
and valence state. This raises the question as to what is the
physical meaning of the elemental constants <JA.

To find out what factors largely determine the nature of the
ffA-constants we studied111 the quantitative dependences of
UA-constants on various physical and geometrical parameters
used most frequently in the analysis and interpretation of
inductive interactions by multifactor regression analysis; a num-
ber of interesting regularities were thus identified.

For example, for a broad selection of elements, <TA-constants
follow high-quality correlations with the difference between the
electronegativities of a given element and carbon (reaction centre)
and with the covalent radius (R) of the element in the correspond-
ing valence state squared:''' •''5

= 7.840 AX R2. (6)

It is obvious that this dependence is in good agreement with both
the magnitude and sign of inductive constants.

Eqn (6) indicates that the <TA-constant, reflecting the ability of
an atom to exhibit an inductive effect, depends not only on its
electronegativity, which is certainly the motivating force in the
displacement of electron density, but is also directly proportional
to the surface area of its valence shell (R2), i.e. to its ability to
delocalise the arising charge. Thus, the magnitude of the inductive
effect of a particular element (substituent) is determined both by
the 'potential difference' (A^) between this element and the
reaction centre and by its 'capacity'.

It should be noted that numerous attempts have been made to
find a direct relationship between the inductive constants and
some known physical parameters characterising in one way or
another the ability of an atom to attract electrons, such as
electronegativity,J20> 121 ionisation potential,120 electron affin-
ity,120 dipole moment,4-6 degree of ionic character of the
bond,4-74 etc., all of which were unsuccessful. However, one
would hardly expect that any one parameter alone would be
sufficient to describe quantitatively the inductive effect. Even if
this were the case, the dependence obtained would be far from
simple. This is demonstrated, in particular, by Eqn (6).

It is noteworthy that Eqn (6) almost agrees with the
known4'74-122> 123 dependences of electronegativity on atom size

aZ
(7)

which forms the basis for the so-called 'geometrical' systems of
electronegativity, for example, the widely used Allred-Rochov
scale.4-74>122'124 In addition, dependences of the following form
are known

•f+.. (8)

[Pritchard- Skinner123 and Gordon {b = 0)124 equations].
From a comparison of relations (6)-(8), it follows unambig-

uously that the a\ constants found by us are directly related to the
effective nuclear charge Z, or, more precisely, to the difference
between the effective nuclear charge of the given atom and that of
carbon (AZ).

Thus, the <TA constants have a clear physical meaning, which,
in its turn, can throw light on the nature of the inductive effect
itself.

Combination of Eqns (2) and (6) gives the following final
expression for a Taft inductive constant:

- 7.840 £ > , 4 (9)
i

where A# is the difference between the electronegativities of the
»-th atom in the substituent and the reaction centre, Ri is the
covalent radius of the i-th atom, and r, is the distance from this
atom to the reaction centre.

A number of interesting corollaries and relations follow from
Eqn (9) (some of them are considered below). In addition, this
equation permits the direct calculation of the inductive constant of
any substituent at any reaction centre from the fundamental
characteristics of atoms and groups.

The relatively complex form of Eqn (9) accounts for the fact
that numerous attempts made by various workers to describe
quantitatively the inductive effect in an analytical form have so far
been unsuccessful, although in some cases and for relatively small
selections of substituents, quite satisfactory results have been
obtained (see, for example, a number of papers4'6-120).

4. Use of the additive model of the inductive effect in the
analysis of reactivities of organoelement compounds
The inductive influence of substituents on reaction centres other
than carbon is a fundamental problem in the modern theory of
reactivity of organoelement compounds.

As noted above, the reactivities of organoelement compounds
in correlation analysis are often evaluated using scales of'special'
electronic constants (for example, 'silicon' oft or 'phosphorus' CTP

constants).4-74 Like Hammett constants, these values reflect the
inductive interaction, conjugation, and steric shielding, i.e. the
overall influence of a substituent on a reaction centre. Thus, the
special scales are applicable in those cases where the ratios of the
constituents forming the overall effect of a substituent and the
structure of the reaction centre are similar to those in a standard
reaction series for which the constants have been determined.

At the same time, interest in the possibility of using the
classical 'carbon' scales of inductive constants to describe the
reactivities of organoelement compounds has been frequently
shown. Thus, no unified approach to the problem of the linearity
of variation of the inductive effects of substituents at various
reaction centres has been elaborated so far. Since there is no self-
consistency of the operating scales, their use is limited, and their
physical meaning is obscure, it is impossible to make a correct
comparison of inductive interactions in the chemistry of organic
and organoelement compounds.

In our opinion, this problem could be solved fairly legitimately
by considering the inductive effects of substituents at carbon and
non-carbon reaction centres within the framework of a certain
unified approach, which operates with the calculated values of the
inductive constants and thus ensures the possibility of their
comparative analysis.

We have attempted 116~119 to solve the problem of linearity of
the inductive influences of substituents at carbon and heteroatom
reaction centres, which is now of prime importance in the
chemistry of organoelement compounds. Solution of this prob-
lem would make it possible to identify the limits within which the
classical carbon inductive constants are applicable to the evalu-
ation of reactivities of organoelement compounds.

In terms of our approach, the inductive constant of a
substituent at a heteroatom reaction centre is either directly
calculated from Eqn (9), based on the fundamental character-
istics of the reaction centre and of the atoms incorporated in the
substituent, or calculated using the basic Eqn (2). In the latter case,
an intrinsic ability to exert an inductive influence on the given
reaction centre is assigned to each atom and is determined by the
magnitude of the corresponding atomic <7A-constant found from
Eqn (6).

It is clear that by analysing the ox-constants calculated
theoretically for the same atoms at different reaction centres, one
can find out whether there is a linear correlation between the
inductive influences of atoms and substituents at carbon and non-
carbon reaction centres. Using the method of regression analysis,
we compared the calculated aA(X)-constants (reflecting the ability
of atoms to exert an inductive influence on heteroatom reaction



The problem of the quantitative evaluation of the inductive effect: correlation analysis 653

centres X) with the (TA(C)-constants, used for the calculation of the
inductive effects of substituents at a carbon atom. We obtained
correlations of the following form

ffA(X) = Ao+ AxaA{C). (10)

The Ao and A\ parameters of the dependences obtained are listed
in Table 4. Analysis of these values makes it possible to conclude
that the closer the 'inductive' electronegativities of the X and C
atoms to each other, the higher the quality of the corresponding
correlations and more correct the use of the 'carbon' inductive
constants to describe the inductive effect of substituents at the
atom X.

Table 4. The parameters of correlations of type (10), which relate the
<7A(X)-constants of atoms at various reaction centres (X) to the corre-
sponding values of the (TA(C)-constants.

Reaction
centre

F

Cl

Br

I

- O -

- S -

-NC
= C<

- P C

Sn

As

B

Li

Mg

Pb

Sb

Ge

Si

Se

- C =

O =

3»P =

Ao

-17.39±1.93

-9.07±1.10

-8.27±0.92

-6.67±0.74

-9.03±1.00

-5.66dtO.62

-4.21±0.52

-1.44±0.16

-1.24±0.14

Ax

l.69±0.35

.37±0.20

.32±0.16

.26±0.12

.35±0.18

.23±0.40

1.17±0.09

.05±0.02

.04±0.02

0.73±0.08 0.97±0.01

-1.96±022 .06±0.04

0.17±0.02 0.99±0.01

6.06±0.67 0.75±0.12

7.69±0.86 0.69±0.15

-1.35±0.15

-0.91±0.11

.05±0.02

.02±0.02

0.74±0.08 0.97±0.15

0.33±0.05 0.98±0.01

-3.34±0.54 0.92±0.09

-9.82±1.09 .39±0.19

-28.13±3.13 2.18±0.57

-1.94±0.21 1 .07±0.03

R

0.715

0.824

0.860

0.893

0.845

0.916

0.933

0.991

0.993

0.997

0.984

0.999

0.795

0.684

0.992

0.995

0.997

0.998

0.892

0.830

0.631

0.985

So

9.051

5.147

4.309

3.475

4.702

2.945

2.475

0.756

0.667

0.393

1.042

0.124

3.149

4.021

0.709

0.527

0.393

0.267

2.54

5.10

14.65

1.00

It should be noted that the above correlations cover the whole
array of ow-constants, including those points corresponding to
extremely electron-donating and extremely electron-withdrawing
atoms. However, even this broad range of magnitude of
OA-constants ensures a high quality of correlations of type (10)
only if the electronegativity of the reaction centre X deviates from
that of carbon by no more than 0.2 unit.

Thus, in the general case, the inductive constants of substitu-
ents at different reaction centres are not proportional to one
another, i.e. there is no linearity of the inductive effect in the
chemistry of organic and organoelement substituents, despite the
fact that the nature of inductive interactions certainly remains
invariable. Now it is clear that the classical inductive constants of
substituents must be used for analysing the reactivities of
organoelement compounds with great caution. In addition, it is
obvious that the smaller the difference between the electronega-
tivity x of the reaction centre X and the electronegativity xc of
carbon and the greater the difference between the electronegativ-
ities of the atoms forming the substituent and the electronegativity
of carbon, the more correct the use of carbon constants.

It should be noted that since our approach permits fairly easy
theoretical calculation of the inductive constant of any substituent
at any particular reaction centre, the above problem simply no
longer exists within the framework of our model. Thus, in all
probability, the use of this model for the quantitative evaluation
of the inductive influences of substituents in the reactivities of
organoelement compounds will be the most legitimate. This
chiefly refers to alkyl substituents, the inductive influence of
which is still one of the most acute and disputed problems.

5. The problem of the inductive influence of alkyl substituents
At present, the inductive influence of alkyl substituents is still one
of the most uncertain problems in the correlation analysis of the
reactivities of organic and organoelement compounds. When the
inductive influence of substituents in various reaction series is
considered, the points corresponding to alkyl substituents deviate
most substantially from the general correlation plots. Hence, it is
no wonder that the question of the inductive effects of alkyl
substituents has caused the most prolonged discussion in the
literature which has not yet been completed.4

At present, the overwhelming majority of researchers are
inclined to believe that alkyl substituents are incapable of
participating in any significant electronic interactions; therefore,
their inductive influence is frequently regarded as zero.125"128

However, a number of examples indicate that the inductive
effects of alkyl substituents are significant and differ from one
another.129 Furthermore, correlations have been obtained that
relate the inductive constants of alkyl substituents in the Hammett
scale to the 'special' constants, reflecting the influence of alkyl
groups on non-carbon reaction centres, for example, on the
phosphorus atom.57 Based on these correlations, the overall
influence of alkyl substituents on the phosphorus atom was
divided into inductive and resonance constituents. As this was
done, the substituents at the phosphorus atom (including alkyl
groups) were assumed not to shield sterically the reaction centre
due to the large size of the latter.9

However, it was later found that, apart from the inductive and
resonance constituents, the 'special' constants also incorporate a
steric component. Thus, when the overall effect of the substituents
on the reaction centre is divided into elementary parts, all three
types of interaction should be taken into account.57-13°.131 More-
over, a linear correlation between the inductive and steric
influences has been found. This served as additional evidence for
the illegitimacy of the inductive constants of alkyl substituents and
for the presence of the residual contribution of steric interactions
to them. The notion of 'pseudo-inductive' influence of alkyl
substituents has even appeared.5

Thus, it can be stated that at present, opinions on the inductive
effect of alkyl substituents differ widely and are uncertain.
Evidently, this is caused by the absence of reliable criteria and of
a reliable technique for the division of the overall effect of
substituents into inductive, resonance, and steric constituents. In
addition, even in those scales in which the inductive constants of
alkyl substituents differ from zero, they are still fairly small; in
view of the error in the determination of empirical constants, this
makes the evaluation of the inductive influence of alkyl groups
based on standard reaction series doubtful.

It is also noteworthy that conformations of alkyl substituents
are quite diverse, which can make the division of their influence on
a reaction centre into elementary contributions even more
complicated. At the same time, in view of the fact that almost all
real reaction series involve large numbers of alkyl and alkyl-
containing substituents, it is clear that a versatile and legitimate
approach to the estimation of their inductive influence needs to be
developed.

The consideration of inductive effects of alkyl substituents
within the framework of the model suggested by us unambigu-
ously implies that it is improper to consider the inductive influence
of alkyl groups to be zero. This can be done legitimately only in
those cases where a saturated carbon atom acts as the reaction
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centre,132 whereas in all other situations, as follows from Eqn (9),
the inductive effects of alky 1 groups can not only be significant but
also quite strong (especially in the chemistry of organoelement
compounds for which the Ax value in Eqn (9) is the highest).

Theoretical analysis of the inductive influence of alkyl
substituents in terms of our model makes it possible to identify
yet another important feature in an analytical form. Since the
electronegativities of carbon and hydrogen atoms are close, it is
clear that the Ax values for all the atoms in an alkyl substituent at
each particular reaction centre are virtually identical; therefore, in
Eqn (9), this value can be factored out from the summation sign.
Thus, die inductive influence of alkyl groups is proportional to the
sum of the ratios of the squared covalent radii of the atoms
incorporated in it to the squared distances from these atoms to the
reaction centre:

Table 5. Parameters of the linear correlations connecting the steric (Rs)
and inductive (IT*) constants of alkyl substituents at various reaction
centres (JV = 13)

7.840 AZ( (11)

Within the framework of the frontal steric effect model
developed by us previously, a similar ratio was obtained as a
measure of the steric shielding of a reaction centre by an atom
defining the steric constant R, of the corresponding substituent. In
particular, this follows from Eqn (1), which can be transformed
into the simpler expression (12), because, for small values of the
argument x, the function Ig (1 — x) is known to be linearly related
tox:

(12)

Thus, Eqns (11) and (12) indicate that there is a linear
relationship and an intrinsic genetic connection between the
inductive and steric effects of alkyl substituents. However, this
cannot be interpreted as evidence for the illegitimacy of the
inductive constants of alkyl groups and for the presence of the
residual steric contribution in them, as has usually been done in
recent years.5

In order to confirm experimentally this statement we calcu-
lated the inductive constants for alkyl substituents at various
reaction centres in terms of Our model and compared the results
with the steric constants Rs of the corresponding alkyl groups at
the same reaction centres.132 The parameters of the resulting
correlations are presented in Table S. It should be noted that the
correlation coefficients are about 0.99, i.e. a strictly linear
correlation between the inductive and steric influences of alkyl
groups really exists.

The results obtained indicate that the sensitivities of reaction
centres to the inductive influence of alkyl radicals are dissimilar:
the greater the difference between the electronegativities of the
reaction centre and carbon, the more significant the inductive
effect of alkyl groups on this centre and the more clear-cut its
dependence on the number of atoms in the substituent.

Thus, in terms of our inductive model, the problem of the
inductive influence of alkyl substituents receives a strict and
simple solution which, in our opinion, adequately accounts for
the contradictory set of data published on this topic.

Hence, the model of the inductive effect that we have
developed permits more than just the legitimate theoretical
calculation of the inductive constant of any substituent at any
reaction centre for the purposes of the correlation analysis of the
reactivities of organic and organoelement substituents. This
model also makes it possible to solve many other important
problems associated with the inductive effect that cannot be
currently solved in terms of other approaches.

Reaction
centre

- O -

- s -
-NC
-P<
- A s <

- B <

- G a <

- H g -

>Pb<

- S b <

>SK

Ax

-0.568(0.086)

-0.161(0.030)

-0.250(0.045)

-0.030(0.009)

-0.052(0.009)

0.011(0.001)

0.086(0.015)

0.024(0.005)

-0.038(0.006)

-0.025(0.004)

0.017(0.002)

A2

-1.444(0.031)

-0.929(0.015)

-0.704(0.017)

-0.203(0.005)

-0.337(0.005)

0.032(0.007)

0.554(0.008)

0.194(0.003)

-0.241 (0.004)

-0.144(0.003)

0.067(0.001)

So

0.0751

0.0295

0.0403

0.0094

0.0092

0.0017

0.0150

0.0048

0.0060

0.0041

0.0026

R

0.998

0.999

0.997

0.997

0.999

0.997

0.999

0.999

0.999

0.998

0.998
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Abstract. The results of studies of ion mobilities in gases, yielding
information about ion-molecule interaction potentials, are sur-
veyed. The principles of the operation and the characteristics of
the ion mobility spectrometers are described. Examples of the
applications of plasma chromatography in the study of ions are
presented. The bibliography includes 70 references.

I. Introduction
The term mobility of ions is defined as the ratio of the rate of their
directed uniform motion through a gas to the strength of the
electric field inducing this motion. Ion mobilities in gases are
widely used in both fundamental and applied branches of science.
For example, the parameters of the interaction potentials have
been determined and the bond dissociation energies, equilibrium
bond lengths, and vibrational frequencies have been obtained
from the mobilities of chromium, cobalt, and nickel ions in helium
and neon at different temperatures.1'2 Such information is of
interest in the study of the physical and chemical characteristics of
low-temperature plasma.

Analytical instruments based on measurements of ion mobil-
ities have been developed in recent years. These instruments are
known under different names: ion mobility spectrometers,3 drift
spectrometers, and plasma chromatographs.4'5 The methods for
the analysis of ions in these instruments consist in the study of the
dependence of the mobilities of ions on their masses and, in a more
general case, on the type of ions. Such devices do not require the
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Figure 1. Schematic illustration of a drift spectrometer. (/) Ion shutter
ensuring the passage of ions from the ion source to the drift tube (I); (3) ion
detector; A, B, C — packets of ions with different mobilities.
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creation of a high vacuum, which significantly simplifies their
design compared with other analytical apparatus in which ionisa-
tion processes are employed (for example, mass spectrometers and
electron spectrometers).

A schematic illustration of a drift spectrometer is presented in
Fig. 1. A packet of ions with different mobilities is injected into
the drift tube with a uniform electric field and an increased gas
pressure. The initial packet is then divided into several packets in
accordance with the number of different types of ions in the initial
packet.

As in mass spectrometers, the ionisation in plasma chromato-
graphs may be achieved by corpuscular radiation and photoradia-
tion and by laser desorption as well as electro- and thermo-
sputtering methods.6"9

n. Ion mobilities

Data on ion mobilities in gases have been published in a series of
communications.10"24 The mobilities of ions depend on their
masses, structures, and the effectiveness of energy exchange
during their motion in an electric field in gases.

For electric fields usually employed in plasma chromatogra-
phy at atmospheric pressure, the mobility coefficient K is inde-
pendent of the electric field strength E. The mobility coefficient is
linked by the Einstein relation to the ion diffusion coefficient D

* = 1 . 1 6 x l O 4 | ,

where the dimensions are cm2 V"1 s - 1 for K, cm2 s~' for D, and
KforT.

The average energy of the ions in the electric field is
determined by the parameter E/N (N is the density of the gas)
measured in townsends (1 Td=10~1 7 Vcm2). In plasma chro-
matography, the typical values of the quantities E/N are 1 - 2 Td.

Under these conditions, the elastic scattering of ions is
determined by the polarisation capture occurring over distances
appreciably greater than the geometrical dimensions of the
molecule and ion. The mobility coefficient under standard condi-
tions (JV=2.69xlO19 molecules in lcm3 , r=273 K) can be
obtained by means of the following expression:

m M

where m is the mass of the ion in a.u., M the mass of the molecule
in a.u., and a the polarisability of the molecules in A3.

The mobility is linked to the reduced mobility Ko by the relation

Here P is the total pressure in mm Hg.
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With increase in the energy of the relative motion of the ion
and the molecule, the radius for the capture of the ion by the
molecule diminishes and short-range exchange interactions begin
to be manifested between the molecule and the ion. The mobility
coefficient begins to depend on the electric field:

Here K@) is the mobility in a zero electric field and ai is a coefficient
which takes into account the deviation of the interaction potential
from the polarisation potential. Over short distances, this devia-
tion is responsible for the temperature dependence of the mobility
coefficients. For example, with increase in temperature during the
drift of Li+ ions in helium, whereupon the short-range exchange
forces become repulsive, the mobility coefficient increases,
whereas in the drift of H + ions, where short-range attractive
forces operate, it diminishes.25

We may note that the dependence of the average kinetic
energy of the ion w on the temperature of the gas and the rate of
drift o is determined by the Vanier formula

w = 1.5kT+0.5mo2 + O.SMo2,

which is frequently employed in kinetic studies.

HI. Mobility spectrometers and their applications
The spectrometers, the principle of the operation of which is based
on the separation of ions in terms of their mobilities, can be used
jointly with the usual high-vacuum mass spectrometers. Such
combination requires the overcoming of appreciable technical
difficulties, namely the mutual adjustment of the regions of the
high and low gas pressures along the ion path,26'27 but its
advantage is that it ensures the possibility of solving problems
inaccessible to each separate method. For example, an apparatus
has been described28'29 in which a quadrupole mass analyser is
placed at the outlet from the plasma chromatograph (Fig. 2) Such
devices make it possible to identify accurately the ions constituting
a particular chromatographic peak.
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Figure 2. Schematic illustration of tandem drift spectrometer-mass
spectrometer apparatus. (7), (2), A, B, C — as in Fig. 1, (3) quadrupole
mass analyser.

Another version is possible where the plasma chromatograph
is placed after the mass-spectrometric analyser (Fig. 3).30 The
carbon clusters CjJ", obtained by evaporating graphite on exposure
to laser radiation in a helium atmosphere with subsequent hyper-
sonic expansion, have been investigated with the aid of such
tandem apparatus.2-31 The ions of the C j cluster were acceler-
ated, passed through a mass analyser, retarded, and injected into a
drift tube. In this case, it was possible to investigate the structure
of ions having the same elemental composition. In particular, the
drift times of the C j — CJ-" clusters are the same for each particular
CJJ" ion. For the C7 — Cjj, ions, there are two-resolved mobility

Figure 3. Schematic illustration of a tandem mass spectrometer-drift
spectrometer apparatus. (/), (2), A, B, C — as in Fig. \;(3)mass analyser.

peaks in each case, which corresponds to the presence of two
isomeric forms of the clusters — cyclic and linear. The ions having
the cyclic clusters have higher mobilities than the linear ones. For
the C^ cluster, it was found that the composition comprises 23%
of monocycles, 71% of bicycles, 2.4% of open fullerenes, and
3.2% of fullerenes. Similar information is available for all the
clusters up to C& (Fig. 4).31

15
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Figure 4. Dependence of the reduced mobility coefficients Ko for the ions
Cj on n for different clusters. (7) Linear clusters; (2)monocyclic clusters;
(3) planar polycyclic clusters; (4) open fullerenes; (5) fullerenes.

The theory of the mobility of carbon cluster ions taking into
account the geometry and vibrational excitation of the clusters has
been examined.32 It was shown, for example, that the mobility
increases with increase in the vibrational energy of the cluster. It
was observed with the aid of ion mobility spectrometry that the
protonation of aniline in the gas phase leads to two isomeric
forms.33 The addition of a proton to the nitrogen atom is most
preferred. The addition of a proton to the benzene ring is less
probable. Such ions have a higher mobility than the ions proto-
nated at the nitrogen atom.

Other studies of the isomers with the aid of plasma chroma-
tography have also been described.34

The plasma chromatograph can be used effectively as a highly
sensitive selective detector in gas chromatography.35 The design of
the spectrometers, the method for the introduction of the speci-
mens, and the interpretation of the spectra have been described in
detail.36 The plasma chromatograph usually consists of two
consecutively arranged drift tubes. The first contains the source
of radioactive radiation (a foil containing 63Ni). This tube serves
as the reactor for ion-molecule reactions, pure nitrogen, which
can usually be obtained from liquid nitrogen, being normally used
as the carrier gas. However, the water impurity remains even in
highly purified nitrogen, leading, as a result of ion—molecule
reactions, to the formation of stable positive ions of the type
H+(H2O)B and NO+(H2O)B. When purified air is used as the
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carrier gas instead of nitrogen, the composition of the positive ions
hardly changes, while the negative ions are of the type OJ(H2O)n.

The addition of trace amounts of organic substances to the
carrier gas leads to reactions of the carrier gas ions with the
impurity molecules; the products incorporate the impurity mole-
cule. The second tube, fitted with a grid for the injection of ions,
serves as an ion-drift spectrometer for the measurement of the
spectrum of the ions in terms of their mobilities in the electric field.
The spectrum is obtained by employing a weak electric field, which
directs the ions formed in the reactor to the drift tube of the
spectrometer. The packet of cluster ions moves in the inert pure
nitrogen atmosphere, the directions of the streams of ions and
nitrogen being opposed (in order to diminish the penetration of
the carrier gas, containing the impurity, into the region of the
analyser). During the motion of the ions through the drift tube,
they are separated into packets with different mobilities. The
heavier ions usually have smaller mobilities. The pulses of ions
having different masses are recorded with the aid of an electro-
meter amplifier. The scan of a single spectrum in the mass range up
to 400 a.m.u. takes 20 ms. Several hundreds of such spectra are
usually summed and averaged in order to increase the accuracy of
the experiment. A synchronous detector which integrates the
signal during a short time interval moving slowly along the time
axis relative to the pulse being injected, is used for this purpose.

The Fourier transformation has been used recently in ion
mobility spectrometry.37 The mobility interferogram is obtained
with a single transfer of pulses to the modulating grids at the inlet
to and outlet from the mobility spectrometer. The pulses are
supplied from a rectangular pulse generator with a frequency scan.
By applying the Fourier transformation to the interferogram, the
usual ion mobility spectrum is obtained. The theory of the method
has been described and examples of the measurement of the
mobility spectra have been presented (Fig. 5).37 This method
may increase the rate of recording of the mobility spectrum and
the sensitivity, which is particularly important when the mobility
spectrometer is used as the detector for chromatographs.

The detectable amounts of impurities in 100 cm3 of air are
1 0 ~ 9 - 1 0 ~ 8 g for plasma chromatographs. The use of larger
masses of the specimen (10 ~6 g and above) leads to the saturation
of the response, the complete consumption of the reactant ions,
and the formation of dimeric impurity ions. The interpretation of
the mobility spectra then becomes difficult. The ion mobility
spectra are also greatly distorted when a drift gas containing
impurities which may enter into ion-molecule interactions with
the test ions is employed. A discrepancy arises with the mobilities

D
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Figure S. Schematic illustration of a mobility spectrometer with Fourier
transformation. (7) and (2) as in Fig. 1; (3) ion collector; (4) generator of
rectangular pulses with a variable frequency a>; (5) electrometer amplifier,
analogue-digital transformer, and memory device ensuring the genera-
tion of the ion mobility interferogram; (6) Fourier transformation
ensuring the generation of the ion mobility spectrum.

predicted by the classical theory when fast ion-molecule reac-
tions take place in the system during a period shorter than the drift
time. Typical examples of such reactions are the solvation and
desolvation of ions by the water molecules present as an impurity
in the drift gas.

A useful employment of the ion cluster formation process is
also possible, for example, in order to increase the resolving power
of plasma chromatographs.38 If the sizes and masses of the ions
are similar but the rates of formation of clusters are different, then
the addition of cluster-forming gas to the carrier gas leads to an
appreciable difference between the masses of the ions analysed
and hence between their mobilities. The kinetic characteristics of
the ion-molecule processes are similar in plasma chromatogra-
phy and high pressure mass spectrometry.39-42

Reference data on the kinetic parameters of ion-molecule
processes have been published.43-44 The rate constants for
exothermic bimolecular ion-molecule processes for low ion
energies are determined by the long-range charge-induced
dipole and charge-permanent dipole forces. These constants are
usually of the order of 10 ~9 cm3 s ~' and lower values have been
found only in a few instances.43

The rate constants for termolecular ion -molecule association
reactions are determined by the rate constants for the correspond-
ing bimolecular processes and the lifetimes of the ion-molecule
'collision' complexes formed.

The rate constants for termolecular ion-molecule association
processes are 10- 3 2 -10~ 2 ' cm6 s"1.43-46

We shall consider the typical conditions in the operation of
plasma chromatograms. With the aid of a radioactive radiation
source with an activity of ~ 10 (iCi at atmospheric pressure, it is
possible to obtain ~ 10" ions per second. At atmospheric
pressure, the carrier gas flow rate is 100 ml min"1, the electric
field strength is 250 Van" 1 , the duration of the ion-injecting
pulse is 0.2 ms, and the recording scanning pulse has the same
duration. The spectra are usually obtained with a drift tube
temperature of 100-150 °C and for a length of the drift region
of 8 cm. For example, the mobility coefficient for the Cl" ion at
150 °C is 4.7 cm2 V - ' s - ' . This yields a drift time of 8 ms. Watts
and Wilders47 made a detailed study of the resolving power of a
plasma chromatograph. The formula obtained for the determina-
tion of the resolving power in the ideal case (when the resolving
power is limited by diffusion) is

R = 2(EL)°\

where E is the electric field strength in V cm-' and L the length of
the drift tube in cm.

Watts and Wilders 47 studied the influence of the initial width
of the ion packet and of the volume charge of the ions on the
resolving power. For example, when account is taken of the finite
duration of the ion packet, the formula for the resolving power
assumes the following form:

L/o+t/2
(48.4DL/B3 + f2)03

where t is the duration of the ion packet, o the ion drift velocity,
and D the diffusion coefficient.

For small electric field strengths

E < 4neLn,

where n is the concentration of ions, a negative influence of the
space charge of the ions on the resolving power may be observed.
For example, when £ = 2 V c m - 1 and I, = 10 cm, then appre-
ciable distortion of E due to the space charge will occur for
n = 105 cm"3.

Mathematical methods for the reconstruction of poorly
resolved peaks are widely used to increase the resolving power.
For example, the spectra of chlorine and bromine isotopes have
been resolved by this procedure.48 Computers are used widely for
the recording and treatment of spectra of different types.49
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One of the principal elements of the design of plasma
chromatographs is the grid ion filter. The niters may be of
different types. The Tyndall filter consists of two wire grids close
to one another and fixed at right angles to the axis of the drift tube.
A potential is applied to the grids, i.e. there is a potential difference
between them. As a result of this, the ions are not transmitted
through the grid for most of the time. However, the potential
difference changes sign periodically, which enables the ions to pass
through the grid and enter the drift space.

It has been suggested x that the Tyndall filter be modified by
employing microchannel plates. Such plates are beginning to be
employed widely in various experimental techniques.31 The design
of the modified filter is convenient during assembly, ensures a
parallel arrangement of the end faces, is mechanically stable, and
is not short-circuited on contamination by conducting particles.
The channels in such filters have diameters of 40-80 um and are
perpendicular to the surfaces of the plates (to ensure the effective
transmission of ions).

The Bradbury-Nielson filter consists of a single grid made of
wires arranged at short distances from one another. A sinusoidal
potential is applied between the alternating wires of the grid, the
average potential on each wire being equal to the potential of the
uniform drift field in the plane of the grid. The ions which reach
the grids at the moments when the instantaneous alternating
potential is close to zero pass through the filter. A modification
has been proposed also for this filter, in which foil strips are
employed instead of wires.52

Ion mobility spectrometers in which the electric field vectors
and the gas flow rates are directed to one side were examined
above. Ion separators with the gas stream directed at right angles
to the electric field in which the ions drift have been proposed
(Fig. 6).53 Such geometry leads to an increase in the resolving
power. However, this requires a much greater stability of the gas
flow rate compared with the usual geometry.

* * / 1 *

Figure 6. Schematic illustration of an ion mobility spectrometer with a
perpendicular arrangement of the electric field and gas flow direction.
(7) Ion source; (2) ion selector; (5) ion recorder; Do = gas flow rate;
«i = velocity of ions; £i , £2=electric field strengths.

Another probable advantage of this scheme is the measure-
ment of the ion spectrum without employing a pulse technique —
by recording constant ionic currents at different points in the
plane of the collector. The ions are carried away by the gas stream
at a steady rate and drift in the electric field at right angles to the
stream at rates which depend on the mass of the ions. Heavy ions
reach the plane of the collector at a long distance from the inlet,
whilst light ions reach it at a short distance, since the drift velocity
of light ions is usually greater than the drift velocity of heavy ones.

A procedure has been proposed54"56 for the modification of
the ion separation method with the gas flow rate and electric field
strength vectors arranged at right angles, to one another. The
method is based on subjecting the ions to constant and variable
electric fields. When the ions are subjected to such an influence,
there is an appreciable increase in the effectiveness of the
separation, which is determined not only by the difference
between the mobilities but also by the difference between the first
derivatives of the mobilities with respect to the electric field.
Spectrometers in which this modification procedure of the ion
separation method is employed have been constructed by the

Ekotek Company (Novosibirsk). The present author and
Chentsov have estimated the resolving power of a spectrometer
of this type.57

IV. Conclusion

The studies on ion mobilities in gases, initiated at the end of the
last century by Thomson, Rutherford, Townsend, and Langevin,
are still of interest both for fundamental science and for analytical
techniques. In fundamental science, such studies make it possible
to obtain data on the compositions, structures, and reactivities of
ions, which permits a deeper understanding of the general
problems of molecular structure and chemical reactivity. Data
on gas-phase reactions are also of interest for high-energy
chemistry, including radiation chemistry and the chemistry of
low-temperature plasma. For example, the rate of recombination
of positive and negative ions in plasma is determined directly by
the mobilities of these ions.58

Definite progress has been noted recently in the improvement
of the experimental methods for the study of ion mobilities.
Experiments carried out at low temperatures59"61 showed that
at T < 10 K ion mobilities in helium diminish sharply and become
lower than the polarisation limit, which may be a consequence of
the manifestation of quantum effects. Further theoretical exper-
imental studies are needed to elucidate the nature of the observed
low-temperature effects. They may yield information about the
mechanisms of low-temperature chemical processes.

The laser technique is being applied to an increasing extent in
studies of ion mobilities and not only for the generation of the ions
but also for the measurement of the velocity distribution of the
drifting ions.62 Systems in which the drift tube - laser combination
is used may compete with the drift tube-mass spectrometer
systems. One may probably expect an expansion of studies in
this promising direction. Mobility spectrometers are being
increasingly used for analytical purposes. Apart from the studies
indicated above concerning their application in the investigation
of carbon cluster isomers, there have been studies of the isomers of
metallocarbon clusters.63"65

It has been shown that the metal atom may be both
incorporated in the carbon network and accommodated in the
cavity of fullerene. A further increase in the complexity of the
objects investigated is also possible. Studies concerning the
application of plasma chromatography for the identification of
traces of vapours of drugs and explosives have been continued
over many years. In the latest study on the detection of vapours of
explosives by plasma chromatography, multiphoton laser ionisa-
tion was employed to generate the ions.66 Studies on the drift of
ions in gases in an electric field continue to develop vigor-
ously.67"70
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Abstract. Literature data on the chemistry of the adsorption of
sulfur dioxide on carbon adsorbents are surveyed and described
systematically. The influence of various factors (the nature of the
carbon matrix, the activation method, the chemistry of the
adsorbent surfaces, temperature, the composition of the gas
stream, etc.) on the sorption of SO2 by activated carbons and
semicokes is examined. The possible ways in which sulfur dioxide
interacts with the carbon surface are discussed. The bibliography
includes 128 references.

I. Introduction

The protection of the environment from pollution is one of the
most important and complex socioecological problems. Nowa-
days approximately 2.5 billion tonnes of pollutants are discharged
into the atmosphere annually.1 The oxides of carbon, nitrogen,
and sulfur, dust, ammonia, and various hydrocarbons are massive
pollutants of air. Among them, sulfur dioxide, which on entering
the atmosphere is capable of forming sulfuric acid, constitutes the
greatest hazard. The acid residues in the form of rain or smoke
have a negative effect on human health and the flora and fauna
and cause the disintegration of constructional materials. Sulfur
dioxide is formed mainly by the combustion of fuel in thermal
electric power stations. Nonferrous metallurgy and to a lesser
extent the sulfuric acid industry and the regeneration of sulfur by
the Klaus method are sources from which large amounts of SO2
are emitted.

In 1980, major plants, involving solely the combustion of fuel,
discharged about 145 million tonnes of SO2 into the atmosphere in
countries of the European Economic Community. In most of the
industrially developed countries, governments have adopted
measures designed to achieve a sharp reduction of the discharge
of sulfur dioxide. The 1989 EEC directive prescribes a reduction in
the evolution of SO2 in three stages and specifies the control
periods during which these stages must be completed:21993,1998,
and 2003 (Table 1). This will make it possible not only to solve the
most important ecological problem but also to economise on
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Table 1. The volumes of SO2 discharged into the atmosphere in EEC
countries.

Country

Belgium
Denmark
Germany
Greece
Spain
France
Ireland
Italy
Luxembourg
The Nether-
lands
Portugal
Great Britain

SO2 dis-
charged in

1980/103t

530
323
2225
303
2290
1910
99
2450
3
299

115
3883

SO2 discharged (in 1031) and the change
in the latter relative to 1980 (%)

1993

318/-40
213/-34
1335/ - 4 0
320/+ 6
2290/0
1146/-40
124/+ 25
1800/-27
1.8/-40
180/-40

232/+102
3106/-20

1998

212/-60
141/-56
890/-60
320/+ 6
1730/-24
764/-60
124/+ 25
1500/-39
1.5/-50
120/-60

270/+135
2330/-40

2003

159/-70
106/-67
668/-70
320/+ 6
1440/-37
573/-70
124/+ 25
900/-63
1.5/-50
90/-70

206/+ 79
1553/-60

valuable sulfur-containing raw material for the production of
sulfuric acid and other chemical products.

Depending on the conditions under which sulfur dioxide is
evolved, different methods are applied to remove it from gas
streams. One of the most rational and promising procedures
involves processes whereby SO2 is extracted by carbon adsor-
bents (activated carbons and semicokes), which make it possible
to obtain sulfur dioxide in a form suitable for its subsequent use—
as a gas enriched in SO2, liquid sulfur dioxide, elemental sulfur, as
well as sulfuric acid. A number of processes for the removal of SO2
from effluent gases have been devised on the basis of carbon
adsorbents.3"8 Almost all of them have passed successfully
through pilot and experimental-industrial tests and some have
been introduced into industry.

Although the carbon adsorption method is already used in
industry, the question of the chemistry of the interaction of sulfur
dioxide with a carbon surface still remains open. The growing
interest in this problem can be accounted for not only by its
scientific importance2 but also by the necessity to formulate the
principal requirements which must be met by carbon adsorbents
capable of extracting effectively sulfur dioxide from gas streams.

There are fairly numerous literature data on the adsorption of
sulfur dioxide by carbon materials, but there are virtually no
surveys devoted to a critical analysis of the experimental data. The
review which we published earlier9 as well as the attempt by



664 SAAnurov

Loskutov and Khlopotov10 to survey the available data are
incomplete and morally obsolete and do not reflect the entire
depth of the problem. In the present review, we have attempted to
fill the existing gap.

II. General characteristics of the adsorption of SO2
by carbon adsorbents
1. The forms of the bond between SO2 and the carbon surface
The study of the chemistry of the sorption of SO2 by carbon
adsorbents presupposes the elucidation of the nature of the stages
involving the adsorption of sulfur dioxide from a complex gas
mixture containing SO2,02, N2, CO2, H2O and other components
with subsequent conversion of SO2 into the final product as well as
the establishment of the role played in these stages by individual
components of the surfaces of the carbons and semicokes.

The transition of sulfur dioxide to the adsorbed state cannot
occur immediately as a result of a single elementary step. The
process involving the adsorption of a SO2 molecule consists of a
series of consecutive stages. The characteristics of the sorption
process depend on the nature of the sorbent, the technological
conditions of the sorption, and the chemical composition of the
gas being purified. However, it is always possible to differentiate
typical primary or secondary reactions occurring when the gas
mixture passes through a layer of the carbon adsorbent.

The primary adsorption processes, occurring when SO2, O2,
and water vapour are present simultaneously in the gas, can be
described by the following equations:11 ~21

5O2 = ^ = Oad.,

SO2 :

H2O

SO2ad.,

: H2O,d,.

Next there is a possibility of secondary transformations of the
adsorbed components:

SO2ad.

H2SO3.d.

H2SO4.d.

H2SO3,d,,

H2SO4«u,

;=S (H2S<VflH2O)«i,.

On real surfaces, particularly when activated carbons and
semicokes are employed, a large set of sorbed forms usually arises.
By no means all of them participate directly in the sorption of SO2.
Their influence on the adsorption of sulfur dioxide is manifested,
in particular, by the fact that they alter in some way the properties
of the carbon surface or simply block individual sections which
constitute active centres for the adsorption of SO2.

The hypothesis of the existence of two forms of bond between
carbon dioxide and the carbon surface, each of which is charact-
erised by a definite heat of adsorption and desorption tempera-
ture, has been put forward.22"3' Analysis of the isobars for the
desorption of SO2 from carbon adsorbents leads to this conclu-
sion. In virtually all cases, there are horizontal sections in the
temperature range 100-150 °C (Fig. 1). At low temperatures
(< 150 °C), the weakly bound sulfur dioxide, retained on the
surface by van der Waals forces, is desorbed. The removal of this
portion of SO2 is achieved rapidly, in 10-20 min, which indicates
a low energy of the bond between this form of sulfur dioxide and
the surface (Fig. 2, curve 1). If the temperature is raised to 200 °C,
the amount of desorbed SO2 hardly increases.

Above 200 °C, the strongly bound form of SO2, retained by
chemical forces, is desorbed. The chemical nature of the inter-
action of this portion of SO2 with the surface is also indicated by
the rate of desorption: the process takes place slowly and is
completed in 50-90 min (Fig. 2, curve 2).

This view on the forms of the bonds between sulfur dioxide
and the carbon surface has been confirmed, on the one hand, by
the heats of adsorption and, on the other, by the results of
spectroscopic analysis. Thus the heat of adsorption of the part of
sulfur dioxide weakly bound to activated carbons and semicokes is

200 r/°c
Figure 1. Isobars for the desorption of sulfur dioxide from carbon
adsorbents: (/) SKT; (2) AR-3; (5) AG-5; (-Q IGI; (5) KAD; (6) BAU.

in all cases less than 50 kJ mol"1.32"39 This makes it possible to
claim that this component of the SO2 is a physically adsorbed
form, which is retained on the surface by dispersion forces. The
presence of molecularly sorbed SO2 on the surfaces of carbon
adsorbents is indicated also by the existence of the 1350 cm"1

absorption band in the IR spectra of virtually all the Russian and
foreign carbon materials saturated by sulfur dioxide.40-41

The strongly bound form of sulfur dioxide has a higher heat of
adsorption (>80 kJ mol~'). In the IR spectra of activated
carbons and semicokes, intense absorption bands in the region
of 950, 1050, 1170, and 1250 cm"1, associated with sulfur
compounds having different degrees of oxidation,40-41 corre-
spond to this form. This makes it possible to postulate the
occurrence of chemisorption processes.

The ratio of these two forms is determined, on the one hand,
by the nature of the adsorbents and, on the other, by the
adsorption conditions. The maximum degree of adsorption of
sulfur dioxide in the physical form, not exceeding 50% of the
overall degree of adsorption, is attained when SO2 is sorbed from a
dry oxygen-free gas. In all cases, the physical adsorption of SO2
takes place and then, as a result of the chemical reaction with the
surface compounds, a particular form of chemisorbed sulfur
dioxide arises.

As will be shown below, chemisorption represents the inter-
action of the adsorbed molecules of sulfur dioxide with basic

time/min

Figure 2. Kinetics of the desorption of sulfur dioxide from the activated
carbon AR-3 at different temperatures (°C): (7) 150; (2) 350
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oxygen-containing functional groups on the surfaces of carbon
adsorbents, which results in the formation of an active complex of
the type C - SO2 with a definite chemical reactivity. If it is
assumed that each chemisorbed SO2 molecule occupies only one
active centre, it is possible to estimate approximately the total
number of primary active centres on the surfaces of adsorbents
and the area occupied by the sulfur dioxide molecules. For
example, the AR-3 activated carbon with a specific surface
SBET = 730 m2 g~' can sorb sulfur dioxide from a dry oxygen-
containing gas in the maximum amount a = 125 mg g~', i.e.
2 m m o l g - ' . The cross-sectional area of the SO2 molecule
(average diameter 3.38 x lO"10 m) is 5 = 8.967 x lO"20 m2. The
overall area occupied by the chemisorbed SO2 molecules is then

SE = SaNA =8.967 x lO"20 x 2 x 10~3 x 6.02 x 1023 = 108 m2,

which corresponds to 1/7 of the surface of the charcoal (NA is the
Avogadro number). The number of active centres per m2 of the
surface of the charcoal is

aNA _ 2 x 10"3 x 6.02 x 1023

S B E T ~ 730
= 1.65x1018

The factors which determine both the adsorption capacity of
the adsorbents with respect to SO2 as well as the process chemistry
itself are of special interest from the technological point of view.
Such factors may be the pore structure of the adsorbent, the
quantitative and qualitative composition of the ash, and also the
chemical nature of the surface. Furthermore, the process condi-
tions may be of great importance: temperature, composition of the
gas mixture, etc.

2. The influence of the pore structure of the adsorbents
One of the most important factors influencing the adsorption
capacity of sorbents is known to be their pore structure.42-43 It is
to be expected that, in the case of purely physical adsorption and
when all the micropores of the adsorbent are accessible to the
given adsorbate, the adsorption capacity of carbon materials is
greater the greater their porosity. This hypothesis has been tested
experimentally44"47 using as adsorbents both Russian and
foreign industrial activated carbons of different origin and
subjected to activation by different methods: SKT, AR-3, AG-3,
AG-5, KAD-iodine, and BAU (Russia), Norit-2RL-Extra (the
Netherlands), A-G (Poland), and experimental specimens of
activated carbons IGI (Russia) and WJ-4 (Poland), the active
coke K-14 (Poland), the semicokes PK-1 and PK-2 obtained by
pyrolysis from brown coal from the Irsha-Borodinsk deposit, as

50

0.5 1.0 1.5 [SO2](vol.%)

Figure 3. Sulfur dioxide adsorption isotherms on different carbon
adsorbents at 25 °C; (1) PK-1; (2) PK-2; (3) SKT; (4) AR-3; (5) KAD;
(<5) IGI; (7) AG-5; (8) Norit; (9) K-14; (10) A-G; (11) AG-3; (12) BAU;
(13) WJ-4.

well as the German carbon black of the Corax LHS type. The
parameters of the porous structures of some of the adsorbents
investigated are presented in Table 2.

Fig. 3 presents experimental data on the static adsorption of
sulfur dioxide from a dry oxygen-free mixture at 25 °C. Among the
Russian adsorbents, the highest capacity with respect to SO2 over
the entire range of concentrations investigated is shown by the
brown coal semicokes PK-1 and PK-2 (curves 1 and 2). The static
adsorption capacities of these adsorbents at a sulfur dioxide
concentration in the gas undergoing purification of 0.1 vol.%

Table 2. Characteristics of the porous structures of certain carbon adsorbents.

Parameter

Total pore volume /cm3 g~'
Micropore volume /cm3 g~'
Mesopore volume /cm3 g~'
Macropore volume /cm3 g~'
Specific surface area

of mesopore /m2 g~'
Total specific surface

area /m2 g - '
Limiting volume

of adsorption space
/cm3 g~'

Characteristic energy
of the adsorption
of standard vapour/kj mol~'

Characteristic size
of micropores /A

Brand of adsorbent

SKT

0.98
0.51
0.20
0.27

105

970

0.55

21.7

5.6

AR-3

0.70
0.33
0.07
0.30

48

731

0.35

20.1

5.9

AG-3

0.74
0.30
0.19
0.25

33

427

0.3

21.3

5.6

AG-5

0.56
0.27
0.10
0.19

35

410

0.25

20.4

5.9

KAD

0.70
0.29
0.15
0.51

110

620

0.30

19.7

6.1

BAU

1.5
0.23
0.08
1.10

57

584

0.20

25.5

4.8

IGI

0.81
0.40
0.11
0.30

35

850

0.39

19.6

6.1

Norit

1.09
0.60
0.09
0.40

72

1550

_

_

_

WJ-4

1.81
0.46
0.41
0.94

245

1350

_

_

AG

0.92
0.28
0.16
0.48

107

790

K-14

0.43
0.16
0.03
0.24

16

790

Corax

0.14
0.04
0.10

_

42

84
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are respectively 100 and 110 mgg"1.31 Among the activated
carbons, the highest adsorption capacities are shown by SKT
and AR-3 specimens (45.4 and 67.2 mg g~' respectively),31 whilst
among the foreign carbon materials the Polish activated coke
K-14 has the highest adsorption capacity (50.3 mg g - l ) .

However, in all cases the adsorption capacities of the carbon
sorbents investigated with respect to sulfur dioxide were not
correlated with the parameters of their porous structure (the
total pore volume, the volumes of the mesopores and micro-
pores, and the limiting volume of the adsorption space Wo) and
also with the specific surface. Nevertheless, Grzybek et al.47

attributed the increased adsorption capacity of the K-14 coke to
the presence in the latter of a definite number of supermicropores.
This variety of pores has not been observed in the remaining
adsorbents.

Thus the impression is created that the porous structures of
carbon adsorbents of different origin and subjected to activation
by different methods do not by themselves exert a decisive
influence on their adsorption capacities with respect to sulfur
dioxide.

However, this conclusion cannot be extended to carbon
adsorbents obtained from a single initial material and using a
single activation method. Semicoke formation has been
achieved48-49 by the thermal pyrolysis of brown coal from the
Irsha-Borodinsk deposit at 500-800 °C without access of air.
The adsorbents synthesised had specific surfaces ranging from 250
to 500 m2 g~'. Sulfur dioxide was adsorbed on the specimens
obtained at 25 °C from a stream of nitrogen containing 1 vol.% of
SO2. The results are presented in Fig. 4, from which it follows that
the adsorption capacity of the semicokes with respect to SO2 is
directly proportional to the specific surface area.

a/mg g~l

150 "

100

50
250

SBEr/m2g-
500

Figure 4. Dependence of the adsorption capacity of the semicoke PK-2
with respect to SO2 on its specific surface area.

Thus the specific surface of the carbon adsorbents affects their
adsorption capacity with respect to SO2, but only when the same

initial material and the same chemical activation methods are
used. An indirect confirmation of this conclusion has been
obtained in a study of the influence of the chemistry of the
surfaces of carbon materials on the adsorption of sulfur di-
oxide.50-sl

3. The influence of the qualitative and quantitative
composition of the ash
The qualitative and quantitative compositions of the ash in
activated carbons may be extremely varied and depend as a rule
on the nature of the raw materials used to prepare the adsorbents
and on the method for their activation. The ash content in the
industrial adsorbents ranges from 1 mass % to 17 mass % and the
principal components of the ash are compounds of alkali and
alkaline earth metals, nickel, iron, manganese, copper, etc.
(Table 3).52"55 Taking into account the high reactivity of sulfur
dioxide, it was natural to expect that the presence of ash in carbon
adsorbents exerts a definite influence on its adsorption. This was
first noted in studies 44>46>55~57 in which only the qualitative
conclusion was reached that the adsorption capacities of carbons
with respect to sulfur dioxide increase with decrease in the ash
content. This question has been investigated in greatest detail in a
recent study employing Merck and C.Erba activated carbons
subjected to complete or partial deashing.55 The ash content in
the charcoals varied from 0.12 mass% to 3.28 mass%. Sulfur
dioxide was adsorbed in the temperature range 130-170 °C from
a gas mixture with a composition similar to flue gas containing
0.2 vol.% of SO2. The thermal desorption of SO2 from the
saturated adsorbent was achieved at 360 °C in a stream of
nitrogen.

Figure 5 shows how the ash content in the carbons investi-
gated, the adsorption temperature, and the number of 'adsorp-
tion - desorption' cycles influence the adsorption capacitites of the
specimens with respect to sulfur dioxide. With increase in the
duration of the operation (the number of cycles), the adsorption
capacities fell in almost all the specimens. However, the capacities
of the high-ash adsorbents fell, other conditions being equal,
much faster than those of the low-ash specimens. Furthermore,
the process was significantly influenced also by temperature: at
170 °C, a more marked decrease in adsorption capacity was
observed than at 130 °C.

With increase in the duration of use, the parameters of the
porous structures of the high-ash components were greatly
impaired — in the first place, the number of micropores and
mesopores diminished with a consequent decrease in the specific
surface. For example, the specific surface of the C.Erba activated
carbon containing 3.28 mass % of ash fell after 10 cycles by
approximately 10% (from 835 to 750 m 2 g- ' ) . Similar but
much less marked changes occurred in the low-ash specimens:
during this period, SBET for the C.Erba carbon subjected to
preliminary deashing (down to 0.12 mass % of ash) diminished
only from 850 to 835 m2 g - \ i.e. by 1.6%.

Activated carbons with an increased ash content are oxidised
more readily than the low-ash carbon materials. Thus, in the

Tabk 3. Chemical composition of the ash in carbon adsorbents (mass %).

Brand of
adsorbent

SKT
AR-3
AG-3
AG-5
KAD
BAU
IGI
Merc
C.Erba

Na

0.09
0.15
0.45
0.39
0.08
0.21
0.28
0.074
0.12

K

0.22
0.20
0.17
0.15
0.03
0.35
0.16
0.54
0.64

Mg

0.06
0.10
0.42
0.25
0.05
0.53
0.12
0.031
0.057

Ca

0.51
0.55
0.79
0.60
0.40
3.16
0.83
0.027
0.033

Co

0.0008
0.001
0.002
0.001
0.001
0.001
0.001

—

—

Ni

0.005
0.003
0.006
0.003
0.002
0.001
0.004
0.003
0.005

Fe

0.10
0.58
2.31
1.72
0.26
0.05
1.23
0.006
0.02

Mn

0.002
0.01
0.002
0.008
0.001
0.004
0.007
0.002
0.004

Cu

0.008
0.01
0.02
0.02
0.004
0.025
0.003
0.003
0.004

Zn

0.005
0.003
0.004
0.004
0.002
0.002
0.003

-

—

Cr

0.009
0.005

—
-
-
-
-
-

—

Al

—
—
-
-
-
—
0.089
0.051

Ash

13.9
12.0
13.0
10.5
12.6
4.5

17.8
1.8
3.2
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a /mg g - ' o/
«2
•3
•4

number of cycles

FignreS. Dependence of the adsorption of sulfur dioxide
{[S02]o = 0.2 vol.%} on the Merck and C.Erba activated carbons on the
number of'adsorption-desorption' cycles at 170 °C (a), 150 °C (i), and
130 °C (c) and for different ash contents (mass%): (7) 0.12; (2) 0.13;
(j) 1.92; (4) 3.28.

thermal desorption stage at 360 °C, specimens containing more
than 3 mass % of ash underwent appreciable oxidation accom-
panied by the partial surface combustion of the adsorbents and
the evolution of CO2 into the gas phase. The concentration of the
bound oxygen in the high-ash carbons then increased by more
than 20%, which naturally led to a sharp increase in the number of
acid functional groups on their surface. A similar phenomenon is
characteristic also of specimens containing 0.12 mass % to
0.13 mass% of ash, but, after similar 10 'adsorption-desorp-
tion' cycles, the concentration of oxygen on the surface increased
by less than 2%. As will be shown below, the oxidised carbon
should have a priori a lower adsorption capacity with respect to
sulfur dioxide than the initial activated carbon.

Finally, the ash content itself in the low-ash adsorbents
remains stable, like the sulfur content in the ash, during the
above cycles, whereas in the high-ash specimens the above
parameters increase from cycle to cycle. In all probability, this
can be explained by the interaction of the adsorbed sulfur dioxide
with individual components of the ash, which leads ultimately to
the formation of stable compounds of the type of metal sulfates,
which do not dissociate at the given temperatures and accumulate
in the carbons.

Thus the presence of ash in the carbon adsorbents reduces the
adsorption capacity with respect to SO2 owing to the impairment
of the parameters of the porous structure, a decrease in the specific
surface, an increase in the degree of oxidation of the surface, and
the conversion of the ash components to sulfates, which do not
decompose in the course of regeneration and remain on the
surface of the adsorbents, blocking the SO2 specific adsorption
centres.

4. The influence of the chemical nature of the adsorbent
surfaces
The adsorption and catalytic properties of activated carbons and
semicokes are to a large extent determined by the nature of their
surfaces. Two types of surface functional groups of carbon
materials are distinguished — acidic and basic.58"62 Four groups
of oxides with different acidities have been identified in oxidised
carbons — carboxylic, lactone, phenolic, and carbonyl groups.63

It has been suggested that these groups do not constitute a
separate phase but are fragments of a single complex group of

the type of phenolphthalein.64 The question of the nature of the
basic oxides on the carbon surface still remains open, although the
hypotheses of the existence of chromene, quinonoid, benzo-
pyrene, and pyrone structures have been put forward.65"68

Numerous investigations have been directed recently to the
elucidation of the problem of the influence of the chemistry of the
surfaces of carbon adsorbents on the adsorption of sulfur
dioxide.30-31-50-51-69"71 It was natural to suppose that basic
surface groups are centres for the adsorption of SO2 molecules.
Treatment of the usual carbon adsorbents with air at high
temperatures or with nitric acid is known to lead to the appear-
ance of acid oxides on their surfaces and to a gradual disappear-
ance of basic oxygen-containing groups.72-73 The surfaces of the
Merck50 and AR-3 activated carbons and of the PK-2 semi-
cokes 51 have been modified in this particular way, which made it
possible to synthesise adsorbents with different contents of basic
functional groups. These specimens were in fact used to identify
the centres for the specific adsorption of SO2.

A sample of the adsorbent (2 -4 g) was saturated at 20 °C
with sulfur dioxide in its mixture with nitrogen containing
0.3 vol.% of SO2 until the attainment of a state of equilibrium.
After equilibration, two-step thermal desorption of SO2 from the
carbon sorbents was carried out: initially the process was
performed in a stream of nitrogen in the course of 3 h at 150 °C,
after which the temperature was raised to 350 °C and the specimen
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Figure 6. The influence of the concentration of basic functional groups
(BFG) on the overall adsorption of sulfur dioxide on carbon adsorbents
(a) and on the adsorption of SO2 in the weakly bound (A) and strongly
bound (c) forms at 25 °C {[S02]o=l vol.%}: (7) SKT; (2) Merck;
(3)semicokePK-2.
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was subjected to a stream of nitrogen for 2 h. The SO2 evolved was
trapped in a Drechsel bottle filled with a 5% H2O2 solution. The
sulfuric acid formed was titrated with 0.0S M NaOH solution in
the presence of blue bromophenol.

The influence of the concentration of basic functional groups
on the adsorption of sulfur dioxide by various adsorbents can be
seen from Fig. 6. The presence of basic oxygen-containing groups
on the surfaces of carbon adsorbents has a significant effect on
their overall adsorption capacity with respect to SO2: the amount
of adsorbed SO2 is proportional to their content (Fig. 6 a). Thus
the AR-3 activated carbon, which has a low adsorption capacity
(about 4 0 m g g " ' ) , has at the same time few basic oxygen-
containing groups (0.090-0.127 mequiv. g~'), while carbons
with a high adsorption capacity (140-160 mg g"1) are also
characterised by a high content of basic surface oxides
(0.500-0.660 mequiv. g"1).

Figures 6 b and 6 c illustrate the influence the content of basic
functional groups in the specimens on the adsorption of SO2 in the
weakly bound (a\) and strongly bound (02) forms. The degree of
adsorption of SO2 in both forms increases in all cases with increase
in the content of basic oxides. However, comparison of the
relations in Figs 6 b and 6 c permits the conclusion that the
adsorption of SO2 in the strongly bound form is more sensitive
to the presence of basic surface groups and hence to their
acid-base characteristics than the adsorption in the weakly
bound form.

Figure 7 shows how the concentration of basic oxides on the
surface of Merck carbon affects the rate of sorption of SO2. It is
seen from the figure that the adsorption capacities of specimens
containing few basic surface groups are low and are determined
mainly by physical adsorption — equilibration occurs rapidly
(after 20-30 min). At a high concentration of basic functional
groups, the sorption of SO2 is slow and equilibrium is attained
only after 60-90 min. This demonstrates yet again that in this

a

160
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40

/ m g g - '

^ S 3 2

30 60 90 time /min

Figure 7. Kinetics of the adsorption of sulfur dioxide
{[S(>2]o = 0.3 vol.%} on the activated Merck charcoal at 25 °C and at the
following concentrations of the basic functional groups (mequiv. g~' ):
(7) 0.685; (2) 0.610; (J) 0.493; (4) 0.190; (5) 0.116; (<5) 0.112.

case adsorption includes also chemisorption: almost half of the
adsorbed dioxide corresponds to the strongly bound SO2.

Thus the concentration of basic functional groups on the
surface of carbon materials determines their adsorption capacities
with respect to SO2. It has a stronger influence on the adsorption
of sulfur dioxide in the strongly bound form (heat of adsorption
>80 kJ mol~'). The amount of weakly bound sulfur dioxide
(heat of adsorption < 50 kJ mol"1) is influenced mainly by the
structural characteristics of the adsorbents and in particular by
their specific surface areas.

5. The influence of temperature
The question of the influence of temperature on the equilibrium
adsorption capacities of carbon adsorbents has been thoroughly
investigated.20-21-39-74-87 The isotherms illustrated in Fig. 8
correspond to the first type in Brunauer's classification.88 A steep

a /mg g~

100

50

1.0 1.5 [SO2] (vol.%)

c

0.5 1.0 1.5 [SOj] (vol.%)

1.5 [SO2] (vol.%)

50

0.5 1.0 1.5 [SO2] (vol.%)

Figure 8. Isotherms for the adsorption of sulfur dioxide on the activated carbons SKT (a), BAU (b), AR-3 (c), and KAD (d) at different temperatures
CQ: (7) 25; (2) 50; (J) 100; (4) 150.
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rise in the isotherms in the region of relatively low SO2 concen-
trations is characteristic of almost all the specimens. This means
that carbon adsorbents can serve as an effective means for the
extensive removal of sulfur dioxide from gases and can be used to
treat gases with a low SO2 content. With increase in temperature
from 20 to ISO "C, the capacities of the adsorbents considered fall
by 50%-90% when the SO2 content in the initial gas mixture is
about 1 vol.%. However, at low concentrations of sulfur dioxide
(up to 0.5%) the adsorption capacity depends little on tempera-
ture, which shows that they would not be useful for the
purification of gases with low concentrations and at an elevated
temperature.

An increase in temperature has a negative effect on the overall
amount of adsorbed sulfur dioxide.22-24 However, the fraction of
SO2 retained on the carbon surface by chemical forces, i.e. as a
result of the interaction with basic sulfurous groups, increases
approximately by 10% as the temperature rises from 20 to 100 °C,
after which it remains constant (Fig. 9). At temperatures above
50 °C, the fraction of chemisorbed SO2 is in all cases greater than
the fraction of the sulfur dioxide bound to the carbon adsorbents
by dispersion forces and reaches 55%-70%. Almost all the SO2
adsorption isotherms on carbon adsorbents can be satisfactorily
fitted by the Langmuir monomolecular adsorption equation89 or
by the Freundlich equation.90

a /mg g~'

50

50 100 r/°c
Figure 9. The influence of temperature on the ratio of the weakly and
strongly bound forms of SO2 on the surfaces of carbon adsorbents
{[SO2]0= 1 vol.%}: (1) SKT; (2) AR-3; (3) PK-2.

6. The influence of oxygen
The influence of oxygen on the adsorption of sulfur dioxide was
already noted in the very first studies devoted to the interaction of
SO2 with a carbon surface.11-14-25-91"93 However, systematic
investigations began only recently and this was associated with
the appearance of the hypothesis that the chemical nature of the
surfaces of the adsorbents affects SO2 sorption process.

It was shown above that the sorption of SO2 from an oxygen-
free gas mixture includes chemisorption with formation of a stable
chemical compound on the surface. The contribution of chemi-
sorption, which does not exceed 45% - 70% of the total amount of
the sorbed sulfur dioxide, is determined by the acid-base proper-
ties of the adsorbent and the adsorption temperature. Evidently
the presence of oxygen in the gas phase should promote chemi-
sorption and in all probability the degree of conversion of SO2
should increase in parallel with increasing O2 concentration in the
gas.

The adsorption of sulfur dioxide on activated carbons in the
presence of oxygen has been investigated in detail in a number of
studies.26- M. si. «4,94-97.126 F i g 1 0 illustrates the influence of the
concentration of the oxygen in the gas stream on the adsorption
capacities of the SKT and AR-3 carbons with respect to SO2.

57-91

In all cases, sulfur dioxide is sorbed in the form of weakly bound
(physically bound) and strongly bound (chemically bound) forms,

a /mg g~'

150

100

10 [O2] (vol.%)

Figure 10. The influence of oxygen concentration in the gas mixture on
the overall adsorption of sulfur dioxide by activated carbons (a) and on its
physical (6) and chemical (c) adsorption at 25 °C {[SO2]0=l vol.%}
(7) AR-3; (2) SKT.

the fraction of the chemisorbed SO2 depending to a large extent on
the O2 concentration in the gas and on the process temperature.

The adsorption capacities of sorbents increase with increasing
O2 content in the gas mixture. The degree of adsorption of SO2
from a gas containing 10 vol.% of O2 at 20 °C is approximately
30% greater than the degree of its adsorption from an oxygen-free
gas mixture. A further increase in the O2 content in the gas stream
(above 10%) does not lead to an increase in the equilibrium
adsorption capacity — virtually all the curves reach a plateau. In
all cases, the increase in the adsorption capacities of carbons is
caused exclusively by chemisorption processes. As can be seen
from Fig. 106, the amount of physically sorbed sulfur dioxide
tends to decrease with increase in the O2 concentration. As the
adsorption temperature rises, this trend weakens and at
100-150 °C the quantity a\ is almost independent of the O2

concentration.
On the other hand, the amount of chemisorbed SO2 increases

with increase in the oxygen concentration in the gas mixture
(Fig. 10 c). At high temperatures, the a2 = f [O2] relation is linear.
At low temperatures, an increase in the oxygen content in the gas
undergoing purification to above 10 vol.% hardly affects the
adsorption of SO2 in the strongly bound form.

According to a number of investigators,51- 96.97,126 s u c i ,
influence of the oxygen concentration on the adsorption of sulfur
dioxide can be explained by the active sorption of oxygen by
carbon adsorbents in the temperature range 0-150 °C. Physical
adsorption of oxygen takes place initially, after which it. is bound
by chemical forces to the most active sections of the carbon's
surface, i.e. it passes to the chemisorbed state. Basic oxides, which,
as shown above, are centres for the specific adsorption of sulfur
dioxide molecules, are formed as a result on the surfaces of
activated carbons.67-68-98-99 Thus the presence of oxygen in the
gas mixture promotes an increase in the total number of SO2
adsorption active sites, which naturally increases the adsorption
capacities of activated carbons with respect to sulfur dioxide.
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Table 4. Characteristics of the oxidised adsorbents.

Oxidation conditions

temperature /°C O2 concentration (vol.%)

SKT carbon sorbent

Initial specimen
20
20
100
100

AR-3 carbon sorbent

Initial specimen
20
20
100
100

3.0
5.0
3.0
5.0

3.0
5.0
3.0
5.0

Content of oxygen-containing groups / mequiv. g~'

carboxylic

0.558
0.551
0.525
0.531
0.513

—
-
-
—

—

lactone

0.594
0.564
0.541
0.572
0.501

_
—
—
—

—

phenolic

0.095
—
_
_

-

0.125
0.104
0.080
0.100
0.075

carbonyl

0.161
0.050
0.045
0.100
0.090

0.100
_

0.020
0.025
0.030

basic

0.653
0.927
1.253
0.896
1.269

0.744
0.986
1.334
0.951
1.395

In order to test this hypothesis, a series of experiments were
performed in which the influence of the treatment of carbon
adsorbents with oxygen on the chemical state of their surfaces
was investigated.31 The initial adsorbents were maintained for 2 h
in a stream of nitrogen at 350 °C, after which they were cooled to
the required temperature, continuing the passage of dried N2
through them. After this, a measured amount of oxygen such that
its content was 3 vol.% or 5 vol.% was introduced into the gas
stream. The subsequent treatment of the adsorbents by the
oxygen-containing mixture was carried out for 2 h at 20 or
100 °C. The conditions of the preceding experiments, in which
there was no sulfur dioxide in the gas, were thus virtually
reproduced.

After the adsorption of oxygen, the chemical state of the
adsorbent surface was studied by the neutralisation method.63 The
results presented in Table 4 show that the initial AR-3 carbon
possesses predominantly basic groups. The SKT activated carbon
contains in addition an appreciable number of acid groups, mainly
lactone and carboxy-groups.

Treatment of the adsorbents with nitrogen at 350 °C with
subsequent adsorption of oxygen altered in all cases the chemical
nature of the carbon surface: the surface acidic groups of virtually
all types vanished and the number of basic groups, which
constitute some of the sulfur dioxide adsorption centres,
increased. The increase in the concentration of basic groups
naturally increases the adsorption capacities of the carbons with
respect to SO2.

7. The influence of water vapour
The influence of water vapour on the sorption of SO2 by carbon
adsorbents has been the subject of numerous investiga-
tions. i3.2°,22,23,26,ioo /^a appreciable increase in the adsorption
capacities of activated carbons in the adsorption of SO2 from
moist gas streams has been noted. The views of many investigators
on this phenomenon reduce to the postulate that water, which has
a considerable chemical affinity for the chemisorbed SO2,
abstracts it from the carbon surface and transfers it to the liquid
phase. Thus the blocked SO2 sorption active centres are liberated
and can again participate in the process.

In all probability, a weak point in the above hypothesis is that
water is regarded merely as an 'abstracting agent'. Furthermore,
studies of the influence of water on the sorption of SO2 have
almost always been performed in the presence of O2, which
naturally has a definite effect on the course of the process itself.
A study was therefore made101 of the joint adsorption of sulfur
dioxide and H2O both in the absence of oxygen from the gas
mixture and in its presence. The studies were performed by the
thermal desorption method on SKT and AR-3 activated carbons
and on the PK-2 semicoke. In another series of experiments, the

saturated adsorbents were washed with distilled water and the
content of H2SO3 and H2SO4 was then determined by titration.

a. The influence of water vapour on the adsorption of S O 2 from an
oxygen-free mixture
Fig. 11 shows how water vapour influences the adsorption
capacity of the SKT activated carbons.101 The ratio of the
contributions of physical adsorption and chemisorption in the
sorption of SO2 from a moist oxygen-free gas is determined not
only by the nature of the adsorbent and the process temperature 9S

but also by the water vapour content of the gas being purified. The
appreciable increase in the adsorption capacity with increase in
the H2O content is due to the increase in the amount of
chemisorbed sulfur dioxide (Fig. 11, curve 3), since the physical
adsorption of SO2 (ai) tends to diminish over the entire range of
water vapour concentrations (curve 2). This means that the
presence of water on the surfaces of carbon adsorbents promotes
the appearance of new centres for the chemical adsorption of SO2.

[H2O] (vol.%)

Figure 11. Dependence of the adsorption of sulfur dioxide from an
oxygen-free mixture on the activated carbon SKT on the concentration
of water vapour adsorption in the gas at 50 °C: (7) overall adsorption;
(2) physical adsorption; (3) chemisorption.

The results of the chemical analysis of aqueous extracts,
obtained as a result of the washing of saturated adsorbents with
water, indicate the presence of sulfuric and sulfurous acids
(Fig. 12). The amount of sulfur dioxide washed off the adsorbent
in the form of sulfuric acid increases slightly with increase in the
concentration of water vapour in the gas. On the other hand, the
content of sulfurous acid increases to a much greater extent. This
permits the conclusion that in the presence of water vapour the
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[H2O] (vol.%)

Figure 12. The influence of the concentration of water vapour on the
composition of the aqueous extract from the carbon SKT saturated with
sulfur dioxide at 50 °C: (1) sulfurous acid; (2) sulfuric acid.

degree of oxidation of sulfur dioxide to the trioxide does not
increase. In all probability, the increase in the amount of
chemisorbed SO2 and hence the overall increase in the adsorption
capacity of the carbons are induced by other chemical causes,
which have a bearing on the presence of water on the surfaces of
the adsorbents.

The mechanism of the adsorption of water vapour on
activated carbons has been examined in detail.58-102> 103 It has
been established that the adsorption capacity of a carbon in
relation to water vapour depends greatly on the number of
chemically bound oxygen atoms present on the surface as part of
the composition of acidic surface oxides, which play the role of
primary adsorption centres for water molecules. At low equilib-
rium pressures, adsorption is ensured mainly by the formation of
hydrogen bonds between the water molecules and the primary
adsorption centres. The adsorbed water molecules are secondary
adsorption centres, which may include other molecules as a result
of the formation of hydrogen bonds. With increase in pressure, the
probability of adsorption increases as a consequence of the
increase in the number of secondary absorption centres , i.e. the
adsorbed molecules themselves.

Bearing in mind the ability of sulfur atoms to form hydrogen
bonds,127 one may postulate that in the case under consideration
the preliminary adsorption of water on the carbon surface results
in the appearance of a second variety of adsorption centre, namely
adsorbed H2O molecules, which may retain sulfur dioxide with the
aid of hydrogen bonds. Thus, in the presence of water vapour in
the gas phase, there are two types of active centres for SO2
molecules on the carbon adsorbents: basic surface groups30 '50 '51

and the protons of the sorbed water molecules, capable of forming
hydrogen bonds with sulfur dioxide.23> 26 It is natural to postulate
that an increase in the concentration of adsorbed water entails
also an increase in the number of centres of the second type, which
means an increase also in the total number of SO2 adsorption
centres. As a result, the adsorption capacities of the carbon
adsorbents with respect to sulfur dioxide increase when the latter
is sorbed from a moist gas.

However, one must not forget the possibility of the interaction
of some of the sorbed H2O molecules with the sulfur dioxide
chemisorbed on the basic surface centres, resulting in the forma-
tion of sulfuric acid.11 The molecules of the latter do not in all
probability form strong bonds with the active centres and may be
displaced to other sections of the adsorbent surface by virtue of
diffusion, liberating the active centres for further oxidation of
SO2. A slight increase in the amount of sulfuric acid formed in the
adsorption process with increase in the H2O concentration
(Fig. 12, curve 1) can be explained by the fact that each active
centre of the first type participates repeatedly in the oxidation
process.

The sulfur dioxide bound by hydrogen bonds to the adsorbed
water is not in the oxidised state and may be washed off the

surfaces of the adsorbents with water in the form of sulfurous acid.
This accounts for the marked increase in the H2SO3 concentration
with increase in the concentration of H2O (Fig. 12, curve 2). On
the other hand, under thermal desorption conditions, SO2 may be
removed from the surface only at temperatures in excess of
200 °C. This is in fact the reason why the quantity 02 increases
with increase in the concentration of H2O (Fig. 11, curve 3).

In conclusion, we may note that the influence of temperature
on the adsorption capacities of carbon adsorbents is less marked
than the influence of the concentration of water vapour. This can
be explained by the partial compensation for the decrease in
adsorption capacity with increase in temperature by the increase
in the content of water vapour in the gas stream.

b. The influence of water vapour on the adsorption of SO2 from a
mixture containing oxygen
Analysis of literature data shows that the adsorption capacities of
carbon adsorbents in the sorption of SO2 from a gas containing
simultaneously oxygen and water vapour are higher than in all the
preceding cases. Fig. 13 shows how the concentration of water
vapour influences the adsorption capacity of the AR-3 activated
carbon and its components (fli and ai) at SO °C and a constant
oxygen concentration of 5 vol.%.101 With increase in the water
vapour content in the gas being purified, the capacity of the
adsorbent with respect to SO2 also increases over the entire range
of H2O concentrations solely as a result of the chemisorption of
sulfur dioxide (02). The fraction of SO2 bound to the carbon
surface by physical forces diminishes steadily.

10 -

[H2O] (vol.%)

Figure 13. Dependence of the adsorption of sulfur dioxide from a gas
containing 5 vol.% O2 on the carbon AR-3 on the concentration of water
vapour at 50 °C: (J) overall adsorption; (2) physical adsorption;
(3) chemisorption.

According to the results of the chemical analysis of the
solutions formed when the saturated adsorbents are washed with
water, the liquid phase contains sulfurous and sulfuric acids
(Fig. 14). The fraction of sulfurous acid in the wash waters ranges
from 15% to 45% depending on the system parameters and
increases with increasing concentration of water vapour.128 On
the other hand, the concentration of H2O in the gas being purified
hardly affects the content of sulfuric acid. In all probability, the
high H2SO3 content in the wash waters can be accounted for by a
deficiency of oxygen in the system, which prevents more complete
oxidation of sulfur dioxide.

The results of the study of the influence of the oxygen
concentration on the sorption of sulfur dioxide from a moist gas
are presented in Fig. 15. They show that the amount of the
oxidised product, washed off the adsorbents in the form of
H2SO4, increases with increase in the O2 content. At an oxygen
concentration of 10 vol.% in the gas being purified, virtually
complete oxidation of SO2 is already attained: only sulfuric acid is
present in the solution formed.
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Figure 14. The influence of the concentration of water vapour on the
composition of the aqueous extract from the carbon AR-3 saturated with
sulfur dioxide at 50 °C in a gas containing 5 vol.% of O2 (i) sulfurous acid;
(2) sulfuric acid.

As in all the previous cases, an increase in temperature has a
negative effect on the adsorption capacity, although this is
manifested to a much smaller extent because the chemical
component of the adsorption process is less subject to the
influence of temperature.

10 [O2] (vol.%)

Figure 15. The influence of the concentration of oxygen on the composi-
tion of the aqueous extract from the carbon SKT saturated with sulfur
dioxide at 50 °C in a gas containing 10 vol.% of H2O: (/) sulfurous acid;
(2) sulfuric acid.

m . The nature of the active centres for the
adsorption of SO2 on carbon adsorbents
1. Infrared spectroscopic study of the interaction of SO2 with
carbon adsorbents
IR spectroscopy is one of the few methods of physicochemical
analysis which make it possible to assess quantitatively the nature
of the processes occurring in the sorption of sulfur dioxide by
optically opaque bodies such as carbon adsorbents, to discover the
possible reactions between the components of the gas mixture, and
also to identify the final products and the sites of the specific
adsorption of SO2 molecules.

Fig. 16 presents typical IR spectra of the Russian industrial
activated carbons SKT, AR-3, and BAU, as well as a cellulose-
based carbon adsorbent after their evacuation to a residual
pressure of 10"4 mmHg at 350 °C for 2 h.40-41-104"107 In virtu-
ally all cases, weak absorption bands at 1750 and 1710 cm"1 and
also moderately intense bands at 900 and 725 cm"1 are observed
in the spectra of the activated carbons. Evidently the 1750 and
1710 c m - 1 bands may be assigned to the stretching vibrations of
the carbonyl groups.108

The 1600 cm"1 band is attributed to the C = O structures, in
which the bond length is greater and the bond multiplicity is
smaller than in the carbonyl groups absorbing at higher frequen-
cies.109 Similar structures are formed with participation of the it

3800 3400 3000 1800 1400 1000 v/cm->

Figure 16. IR spectra of activated carbon evacuated to a residual pressure
of 10-" mm Hg at 350 °C: (/) AR-3; (2) SKT; (3) BAU; (4) KAD-iodine;
(5) gaseous SO2.

electrons of condensed aromatic systems. In all probability, they
can be assigned to the radical-ion structures C—O, which are
intermediate forms on the way to the formation of carbonyl
groups strongly bound to the carbon surface.104'106> 107-uo

The absorption bands in the range 1340-1480 cm"1 are
characteristic of the deformation vibrations of the COOH
groups.111 The assignment of the bands in the range
1110-1130 cm"1 gives rise to difficulties. The band with a
frequency of about 1120 cm"1, observed in the spectrum of
oxidised carbon black and graphite oxide, has been
assigned] 12 - •14 to the stretching vibrations of the C - OH bond,
while the similar band (1065 cm"1) in the spectrum of graphite
oxide has been assigned115 to the stretching vibrations of the
C—OH enolic group. Finally, the absorption in the range
1000-1180 cm"1 is characteristic of the stretching vibrations of
the C - O bond.108

Cooling of the adsorbents in a stream of air after preliminary
evacuation at 350 °C leads to the appearance of intense absorp-
tion bands at 1800-1830, 1750-1770, 900, 725, and
1230-1250 cm"1 in the IR spectra of the specimens (Fig. 17,
curve 2). The presence of doubled bands (at 1830 and 1770 cm"1)
in the region of the deformation vibrations of the carbonyl groups
C = O and also of intense bands at 900 and 725 cm" ' indicates the

3800 3400 3000 1800 1400 1000 v/cm-

Figure 17. IR spectra of the activated carbon BAU evacuated to a residual
pressure of 10—• mmHg at 350 °C (/) and subjected after this procedure
to cooling in air to 20 °C (2).
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dehydration of the carboxy-groups and the formation of cyclic
aromatic systems with participation of Jt electrons.106

The intense 1250 cm"1 absorption band is characteristic of
the vibrations of the C—O—C groups. This means that the most
probable form of the basic surface oxides, formed on oxidation of
the carbon in a stream of air, comprises unsaturated lactones, in
particular a- and y-pyrones or their derivatives:

Thus IR spectroscopic analysis confirms indirectly the exis-
tence on the surface of carbon adsorbents, in an anion-exchange
form, of the pyrone structures predicted by Voll and Boehm.67-68

Analysis of the IR spectra of activated charcoals and semi-
cokes saturated by sulfur dioxide from complex gas mixtures
permits the conclusion that the adsorption of SO2 on various
carbon adsorbents proceeds via a single mechanism. The physical
adsorption of sulfur dioxide, which does not require the presence
on the surface of any kind of active centre, is accompanied by the
appearance of absorption bands within the comparatively narrow
range 1330-1360 cm"1 and at 1150 cm- 1 (Fig. 18).

3800 3400 3000 1800 1400 1000 v/cm-

Figure 18. IR spectra of the activated carbon AR-3: (7) after evacuation
to 10 - 4 mm Hg at 350 °C; (2) after saturation with sulfur dioxide at 50 °C;
(3) after evacuation at 20 °C; (4) after saturation with sulfur dioxide at
100 °C; (5) after preliminary adsorption of SO2 at 20 °C and subsequent
saturation with oxygen; (<S) after preliminary adsorption SO2 and O2 at
20 °C and subsequent saturation with water vapour.

Another portion of the sulfur dioxide is chemisorbed on
particular active centres. The bathochromic shift of the 1740 cm"1

band, which is characteristic of the stretching vibrations of the
carbonyl group, after the adsorption of SO2 (to 1700 cm"1) and
also the fact that the C = O bond remains perturbed also after the
removal of the physically sorbed SO2 indicate that the surface
carbonyl groups, playing the role of an electron donor, actually
participate in the chemisorption of sulfur dioxide.

One cannot rule out also the interaction of SO2 with the
surface OH groups. Since the change in the stretching vibration
frequency of the OH groups of the adsorbents persists also after
the removal from the surface of weakly bound sulfur dioxide, one
may postulate that SO2 does not form hydrogen bonds with these
groups. At the same time, the positions of the absorption bands of
the OH groups and their appreciable half-width indicate the
existence of a hydrogen bond. The only explanation of this may
be the interaction of the adsorbed SO2 with the surface hydroxy-
groups involving the formation of bisulfites. However, judging

from the intensity of the 1075 cm" 1 band in the spectrum, the
contribution of such interaction is low.

After the adsorption of sulfur dioxide in the presence of water
vapour, a broad intense band at 3600 cm ~ ' as well as a
moderately intense band in the range 1045-1073 c m - 1 appear
in the IR spectra of virtually all the adsorbents. These refer
respectively to the vibrations of the OH groups of the adsorbed
water and of the S—O bisulfites. It is natural to postulate that
sulfurous acid is formed on the surfaces of the adsorbents as a
result of the interaction of sulfur dioxide with the adsorbed water
molecules.

The adsorption of the molecular form of SO2 may not involve
solely the formation of a physical bond with the surface. There is
also a possibility of strong adsorption, observed for example, on
the SKT and BAU activated carbons. It has been noted l16 that
SO2 is capable of forming molecular complexes with pyridine,
triethanolamine, and triethylamine, in which sulfur dioxide
exhibits the properties of an electron pair acceptor. The absorp-
tion bands corresponding to the S—O vibrations, undergo a
bathochromic shift in the spectra of such complexes compared
with the absorption bands of the free molecule. The surface O2~
ions may serve as electron donors in the formation of a complex
with the adsorbed SO2.' "•118

C....O2- + SO2 C....SO?- .

The presence of oxygen in the gas leads to the oxidation of the
chemisorbed SO2 with formation of sulfate ions:

C.~.SO?" + C....SOJ-.

The spectrum of the SO4 ions depends to a large extent on the
presence of water vapour in the system.

Thus the study of the IR spectra has shown that the strength
and nature of the interaction of sulfur dioxide with the surfaces of
carbon adsorbents are determined both by the chemical nature of
the latter and the composition of the gas mixture. Part of the SO2
is then sorbed as a result of dispersion (physical) forces in the form
of molecularly adsorbed sulfur dioxide. This process, which is not
related to the presence on the surface of particular active centres, is
accompanied by the appearance of absorption bands in the
comparatively narrow range 1330-1360 and at 1150 cm~ !.

Another portion of sulfur dioxide is bound to the surface by
stronger (chemical) forces. This chemisorbed SO2 is converted on
the surfaces of activated carbons and semicokes into sulfur
compounds with different degrees of oxidation.

2. The chemistry of the adsorption of SO2 from a dry oxygen-
free mixture
It was shown above that the amount of sulfur dioxide chemi-
sorbed from a dry gas is directly proportional to the concentration
of basic functional groups on the carbon surface. At the same
time, spectroscopic data indicate unambiguously the existence of
pyrone structures on carbons having basic properties. One can
therefore postulate that the centres for the specific sorption of SO2
molecules from a dry oxygen-free mixture are basic oxygen
complexes or more precisely, the carbonyl groups of pyrone
derivatives. By virtue of the presence of the electron lone pair on
the oxygen atom, the carbonyl group possesses weakly basic
properties and interacts chemically with sulfur dioxide, which
exhibits in this instance the properties of a Lewis acid:

v.O

;c=6: * O . (i)

The slight change in the vibration frequency of the OH groups on
virtually all activated carbons and semicokes after the removal of
the physically adsorbed SO2 indicates the involvement in the
process of surface hydroxy-groups:
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—O-

(2)
-.OH

;C—O—S

The formation of sulfite compounds on the surfaces of carbon
adsorbents has been confirmed also by the existence of absorption
bands at 1070, 1025, and 950 cm"1 in the IR spectra of all the
adsorbents.

Thus the strongly bound form of SO2 may be regarded as the
intermediate sulfite compound C-OSO2, in which the sulfur
retains the + 4 oxidation state. The amount of heat evolved in
this process should not be large. Indeed, the isosteric heats of
adsorption are 25-63 kJ mol~' depending on the type of
adsorbent. At low temperatures, the final product of the adsorp-
tion-catalytic process remains on the adsorbent surface and blocks
the active sites. At fairly high temperatures, the chemisorbed SO2
passes to the gas phase in the form of sulfur dioxide.

—O + SO2. (3)

When the carbon adsorbent saturated with sulfur dioxide
comes into contact with water, the chemisorbed SO2 is abstracted
from the surface in the form of sulfuric acid:

-.O

H2O ;C"+H2SO4. (4)

The process proceeds at room temperature and is accompa-
nied by the transfer of electrons from the sulfur atom to the
oxygen atoms and the reduction of the surfaces of the adsorbents
with formation of electronic defects of the type of oxygen
vacancies.

3. The chemistry of the adsorption of SO2 from a dry oxygen-
containing mixture
If O2 is present in the gas phase during the adsorption of sulfur
dioxide by carbon adsorbents, then not only chemically but also
physically adsorbed oxygen participates in the oxidation of SO2.
Detailed study of the catalytic properties of carbon in the
oxidation reactions of various substances led to the conclusion
that the process proceeds via a radical-chain mechanism.119~123 In
conformity with this hypothesis, oxygen radical-ions are formed
in the first stage of the process as a result of the transfer of
electrons from heteroatoms via conjugated bonds to physically
sorbed O2:

O 2 j ! i + e- •O2". (5)

The next oxidation stage determines the order of the reaction
with respect to oxygen (0.5) and the overall rate of the process:

O£ + e —*• 2O2- + 26 —* 2O2~. (6)

The sources of electrons for the formation of superoxides are
structural nitrogen atoms and the CN groups, which enter the
lattice of the carbon adsorbents, as well as variable-valence metals
(M) introduced into the adsorbents to activate and modify
them:12'.124-125

=N =̂ ±= =N + +e,

The oxygen radical-ion structures (O~ andO2~) the existence
of which on the surfaces of activated carbons and semicokes is
confirmed by the presence of an intense 1600 cm"1 absorption
band in the IR spectra, actually initiate the conversion of SO2 into
SO3:

C....O2 + e —». C-.O2~ + e—*• C....2O~+ SO2

—*• C....O."..OSO2 —*• C....O" + SO3>

C....O-+SO2—•C....O—SO2—*• C....O2-+e

(7)

(8)

etc.

Another part of SO2 enters into reactions (1) and (2) with the
basic surface oxides of the carbon adsorbents, namely with the
carbonyl groups of the pyrone structures and also with the surface
hydroxyls, which is indicated by the presence of the 1075 and
1025 cm~' absorption bands characteristic of sulfides in the IR
spectra of virtually all activated carbons saturated with sulfur
dioxide in the presence of O2. Furthermore, after the desorption of
the weakly bound SO2, a change in the OH group vibration
frequencies is observed in the adsorbents.

Thus the centres for the adsorption of sulfur dioxide from dry
oxygen-containing mixtures are the oxygen radical-ions O'~ and
O2" as well as the carboxy- and hydroxy-groups of the pyrone
structures.

4. The chemistry of the adsorption of SO2 from a moist
oxygen-containing mixture
If the gas streams contain water vapour and oxygen, then, apart
from the centres in which reactions (1) and (2) as well as (7) and (8)
occur, additional centres for the adsorption of sulfur dioxide
appear on the surfaces of carbon adsorbents. The latter are the
protons of the preadsorbed H2O molecules.23-26 The appreciable
increase in the adsorption capacities of carbons and semicokes
under these conditions is due to the formation of hydrogen bonds
between SO2 and the water molecules sorbed beforehand. Sulfur-
ous acid appears on the surfaces of the adsorbents as a result:

C... .H5 +—O s-+ S—

H O

=C—- H—O—S—O

H....A .

=C....H—Q....S—

However, the role of water vapour does not reduce solely to
the formation of new active centres for the adsorption of sulfur
dioxide. In all probability, some of the H2O molecules react during
adsorption on the carbon surface with the chemisorbed sulfur
dioxide (in the form of either SO3 or SO2"), forming sulfurous and
sulfuric acids. The acids do not form a strong bond with the active
centres and are displaced by diffusion to other sections of the
surfaces of the adsorbents, liberating the active centres for further
chemisorption of new SO2 molecules. Thus each active centre can
participate repeatedly in the adsorption process.

In the presence of oxygen, sulfurous acid is oxidised to sulfuric
acid, i.e.

H2SO3 + ^O2 =̂ ±= H2SO4,

which is in fact the final product of the adsorption of sulfur
dioxide on carbon adsorbents. The presence of H2SO4 on the
surface has also been confirmed by IR spectroscopic analysis
(there are absorption bands at 1160 and 1240 cm~ l in the IR
spectrum).

IV. Conclusion
Summarising, one may say that the adsorption of sulfur dioxide
on carbon adsorbents from gas mixtures of different composition
is an adsorption-catalytic process, which consists of several stages
and leads to the formation of compounds of sulfur in different
oxidation states. The adsorption of sulfur dioxide occurs only on
adsorbents in an anion-exchange form; oxidised carbon hardly
adsorbs SO2.
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Two types of bonds between sulfur dioxide and the carbon
surface are distinguished—a weak bond which is characterised by
a heat of absorption < 50 kJ mol"1 and may be ruptured at a
temperature < 150 °C, and a strong bond (heat of adsorption
> 80 kJ mol"1) ruptured at temperatures above 200 °C. The
weak bond is due to van der Waals forces and corresponds to the
physical adsorption of SO2. The strong bond is formed as a result
of chemical interaction between sulfur dioxide and the surface
compounds and corresponds to the chemisorption of SO2. In the
latter case, the most likely centres for the specific adsorption of
sulfur dioxide are surface carbonyl and hydroxy-groups of the
pyrone structures and their derivatives, which have basic proper-
ties, the oxygen radical-ions (O" and O2~), as well as the protons
of the adsorbed water molecules.

The degree of oxidation of the adsorbed SO2 depends on the
nature of the adsorbent, the process temperature, and also the
presence of O2 in the gas mixture. Sulfur dioxide is partly oxidised
to SO3 also when SO2 is sorbed from a dry oxygen-free gas. This is
ensured by the oxygen weakly bound the carbon surface and
forming part of the composition of the basic surface functional
groups. The presence of water vapour in the gas phase promotes
an increase in the adsorption capacity as a result of the formation
of a strong hydrogen bond between the molecules of the pre-
adsorbed water and SO2, but the amount of oxidised sulfur
dioxide does not increase under these conditions.

The removal of the reaction products from the adsorbent
surfaces can be achieved by heating the adsorbents in a stream of
an inert gas or by washing with water. The liberated active centres
can again participate in the process.

The carbon adsorbents employed in the processes involving
the removal of sulfur dioxide from industrial and ventilation gases
must satisfy the following principal requirements:

— they must have an extensive pore structure;
— they must exist in the anion-exchange form, i.e. they must

possess basic properties;
— they must contain an appreciable amount of structural

nitrogen;
— as far as possible, they must include in their composition

catalysts for the oxidation of sulfur dioxide to the trioxide.
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Abstracts. Data concerning the experimental method for the
estimation of the mechanical workability of heat-resistant poly-
mers, based on relaxation measurements, as well as concerning
procedures for the fitting of stress relaxation and creep curves with
the aid of new memory functions are surveyed. The influence of
the chemical structures of various heat-resistant polymers (aro-
matic polyethers and polyamides, polyimides, polybenzoxazoles,
polyoxadiazoles, etc.) on their relaxation behaviour is analysed in
detail. Attention is concentrated on the relaxation transitions
manifested in the glassy state. The mechanism of the deformation
and relaxation in heat-resistant polymers, investigated with the
aid of the positron annihilation method, is described. The
relaxation behaviour of heat-resistant aromatic polymers down
to the temperature of liquid helium is considered. Attention is
drawn to the relaxation behaviour. The bibliography includes 167
references.

I. Introduction

Studies on the synthesis and properties of heat-resistant polymers
began about 40 years ago and have continued fairly vigorously to
the present day. Naturally, in the first investigations attention was
concentrated on the limiting strength and deformation properties.
However, it soon became evident that, in terms of the strength and
deformation on rupture, it is impossible to infer objectively the
mechanical workability of the materials. Indeed, a polymeric
material is never used when subjected to near breaking loads;
even under extreme conditions, the polymers can always realis-
tically operate provided that they are subjected to loads and
deformations significantly below the limiting values. Naturally,
whatever the load and deformation, relaxation processes develop,
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the essential feature of which is that at a constant deformation the
stress is not constant, as for ideally elastic materials, but relaxes,
i.e. diminishes with time. Accordingly, a creep process develops—
an increase in deformation with time. The kinetic data for the
relaxation processes depend on temperature, i.e. both are man-
ifested whatever the type of load and not only for a constant
deformation and load. These processes in fact determine the true
mechanical workability of the polymers. The study of relaxation
transitions by the dynamic mechanical analysis is particularly
important. Such transitions are associated with the freeing of the
molecular mobility of different kinetic units, which play an
enormous role in the establishment of the properties of the
polymer. The study of the mechanism of these transitions and of
the influence on the latter by the chemical structure of the heat-
resistant polymer has attracted the attention of investigators.

Evidently the above relaxation processes and transitions are
important also for composite materials and blends. Significant
attention has been devoted in recent years to the mechanism of the
relaxation and deformation processes in heat-resistant polymers
subjected to a large deformation. The application of positron
diagnostic methods (positron annihilation) directly in the relaxa-
tion and deformation process made it possible to obtain new data
on the changes in the microporous structure of the material. Many
questions are associated with the analysis of the nonlinear
mechanical behaviour of heat-resistant polymers when the para-
meters of the relaxation process depend on time and are not
constant. Finally, one of the most interesting phenomena,
observed in the study of heat-resistant aromatic polymers,
consists in the manifestation by the latter of appreciable deforma-
tions at low temperatures, down to the temperature of liquid
helium, relaxation processes also developing at these tempera-
tures.

All the above questions are dealt with in the present review.
It is noteworthy that the available data on this field were

reviewed in 1975 and 1981.l>2 New heat-resistant aromatic
polymers as well as new methods for the investigation of their
relaxation properties have now appeared. The results of the study
of the relaxation properties of these polymers using new methods
constitute the main content of the review.
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II. The influence of the chemical structure of heat-
resistant polymers on their mechanical workability
estimated from relaxation measurements
There are several approaches to the estimation of the mechanical
workability of polymeric materials. According to one of them,3 a
generalised characteristic which makes it possible to take into
account the relaxation processes and the viscoelastic behaviour of
polymers, is the temperature dependence of the critical stresses,
which limits the region of the mechanical workability of the
material. A method has been proposed for the estimation of the
critical stresses in solid materials3-4 the essential feature is as
follows. A series of relaxation curves for different deformations so
are plotted at a constant temperature. Fig. 1 presents as an
example curves of this kind for the polyimide PM-69

O

<r/MPa

PM-69
O

With increase in the deformation so, the stress relaxation
curves shift upwards to the region of higher stresses.4 However,
on further increase in eo, the stress relaxation is appreciably
accelerated and the relaxation curves begin to shift towards
lower stresses (Fig. 1, curve 7). Under these conditions, an
appreciable decrease in stress is observed over the entire tempera-
ture range for the polyimide only in the initial period of the
relaxation process and the decrease in stress intensifies only as eo
approaches a value close to the yield strength.
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Figure 1. Stress relaxation for polyimide at 220 °C and different initial
deformations (%): (7) 2; (2) 3; (3) 4; (4) 6; (5) 8; (<5) 10; (7) 12.

After this isochronous dependences of the relaxing stress a on
£o are plotted, each of which corresponds to a definite duration of
the relaxation process. The isochronous relations as a rale have a
maximum, the stress corresponding to the latter being referred to
as critical and being designated by ac. By carrying out experiments
at different temperatures T, one obtains isochronous relations
between <xc and T characterising the possibility of the retention in
the material of the maximum stresses ffc at a specified time U •

The isochronous relations for the relaxing stresses in the
polyimide PM-69 at different temperatures and for a duration of
the stress relaxation of 180 min are presented in Fig. 2. The
maximum corresponding to aQ arises for deformations £c ranging
from 11.2% at 20 °C to 3.3% at 320 °C. This shows that the
polyimide is capable of being used over a wide range of deforma-
tions without attaining mechanical softening. The isochronous
relations for the polyimide have virtually no linear sections, which
indicates the nonlinearity of the mechanical properties of the
polyimide.

In order to estimate the mechanical workability of the
polymeric material from the O-BO isochronous relations obtained

180

120

60

-o o

- 0 O

—" o
_ n

0 4 8 eo(%)

Figure 2. Isochronous variations of the relaxing stress for a process
duration of 180 min at different temperatures (°C): (7) 20; (2) 70; (5) 120;
(4) 170; (5) 220; (6) 270; (7) 320.

at different temperatures, the temperature dependences of the
critical stresses are plotted.

The temperature dependences of the critical stresses for the
polyimide PM-69 and polybenzoxazole (PBO)

PBO

are presented in Fig. 3. The region bounded by these curves and
the coordinate axes defines the conditions under which the
polymer may be used without softening and without being
disrupted (the region of mechanical workability). Having com-
pared the curves in Fig. 3, we may note that the critical stresses
and temperatures for the polyimide are higher over the entire
temperature range than for PBO.

ffc /MPa
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60

100 200 300 r / ° C

Figure 3. Temperature variations of the critical stresses in PBO (curve 7)
and polyimide (curve 2) for a relaxation process duration of 180 min.

In the method for the estimation of mechanical workability,3

the temperature dependences of the critical stresses, obtained for
different durations of the relaxation process, are replotted as the
dependences of the critical stress on the duration of relaxation tT.
The duration of the retention of the critical stress under stress
relaxation conditions is a kinetic characteristic of the mechanical
workability of the polymer.

The dependences of lgfr on lgffc for PBO at different
temperatures are presented in Fig. 4. Similar dependences have
been obtained for the polyimide4 and other heat-resistant poly-
mers. In terms of logarithmic coordinates, the lg tr-lg<Tc relations
for PBO are linear up to 170 °C, whereas at 220 °C a linear section
is hardly observed. A linear lg*r-lg<rc relation is as a rule
characteristic of other heat-resistant polymers over a very wide
temperature range.
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2 •

lgK/MPa)

Figure 4. Dependence of the duration of the relaxation process t, for
PBO on the critical stresses at different temperatures (°C): (i) 20; (2) 70;
(3) 120; (•0170; (5) 220.

The slope of this relation, tan a, is a kinetic characteristic of
the rate of the relaxation process along the linear sections of the
ig'r-lgOc relations. The temperature dependences of tan a for
PBO and PM-69, obtained from experiments4 on the stress
relaxation under compression conditions, are presented in
Fig. 5. Evidently, the temperature dependences of tana are not
identical for all the polymers.

15

100 200 300 r/°C

Figure 5. Temperature variation of tan a for the polyimide PM-69
(curve 1) and PBO (curve 2).

For PBO in the range of comparatively low temperatures,
tana diminishes somewhat, whilst above 120 °C it increases
sharply. In the case of the polyimide, the temperature dependence
of tan a is more pronounced below 120 °C, the rate of relaxation
diminishing on further increase in temperature. This shows that in
the middle of the temperature range of the glassy state at ~ 120 °C,
a transition occurs in both polymers as a result of which the rate of
the relaxation processes begins to change. It must be emphasised
that the higher the absolute value of tan a the lower the extent to
which the relaxation of critical stresses is manifested. For
materials used in rigid constructions, the relaxation of critical
stresses must be as small as possible. In terms of this feature, the
polyimide is somewhat superior to PBO over the entire tempera-
ture range. It is noteworthy that the temperature variation of tan a
for the polyimide consists not of two sections, as has been
observed for other heat-resistant polymers, but of three. Along
the first section in the region of comparatively low temperatures,
tan a decreases fairly rapidly with increase in temperature; this is
followed by a low-slope section, after which tan a diminishes,
which indicates a sharp acceleration of the relaxation near the

softening temperature. Such a dependence is apparently common
to heat-resistant polymers; the middle section, where the relaxa-
tion of critical stresses is relatively insensitive to temperature, may
be of greatest practical importance.

The equation

, _ Off-tan a ,,•>

where B is a constant for the material, is used to describe the
relations between tr and ac .

3

The nature of the relations between tan a and 7* changes at the
temperature of the relaxation transition in the solid glassy state
r s s * 120 °C (Fig. 5) and may be described by the following
equation:

tana
f a + kT

U ' + fc'

a + kT a sT s£ rM

T as T > T
(2)

where a, k, a', and k1 are constants.
The nature of the temperature dependences of the parameter B

for PBO and the polyimide also changes near 120 °C. This is
reflected by the different values of the coefficients in the relations
describing the temperature dependence of the parameter B.

B =

4>exp— as

U'
—

(3)

as

where Ao and A'o are pre-exponential factors and U and U' are the
activation energies for the relaxation process.

The coefficients in Eqns (2) and (3) are listed in Table 1.
Knowing these parameters, it is possible to predict the mechanical
behaviour of the polymers over a wide range of temperatures and
stresses.

Table 1. The coefficients in Eqns (2) and (3).

Polymer k' lg^J U U'

PBO 69 -0.109 112 -0.216 -33.9 -163.4 649 1619
PM-69 118 -0.226 45 -0.04 -100.4 -11.4 1264 565

Note. For all the values of the coefficients presented here, ac is expressed in
MPa, the time t, in s, and U in kJ mol~' in calculations by Eqns (2) and (3).

It is noteworthy that the data presented above for PBO and
the polyimide have been obtained4 from measurements of the
relaxation processes under the conditions of uniaxial compres-
sion. In another study,5 such measurements were carried out
under the conditions of uniaxial elongation. One of the differ-
ences in the mechanical behaviour of PBO under the conditions of
uniaxial compression and elongation is that in the latter case the
maxima in the isochronous relations are absent in the temperature
range 22-100 °C. The stresses arising in the polymer with the
maximum possible deformation are therefore adopted as the
critical stresses <rc (Fig. 6). The acceleration of the relaxation
processes at higher temperatures (210-250 °C) for PBO induced
the appearance on the isochronous curves of distinct maxima
corresponding to the critical stresses.

We may note that it is possible to discover, from the
isochronous relations on the one hand, the specified deformation
^ capable of maintaining the maximum possible stresses and, on
the other, the duration of the retention of the stress of this
magnitude in the polymer.

In order to determine the region of the mechanical workability
of PBO under extension conditions, we shall consider the
temperature dependence of the critical stresses for constant
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Figure 8. Temperature dependence of tan a for PBO.

Figure 6. Isochronous dependence of the stress on deformation for PBO
at 150 °C and different durations of the relaxation process (min): (7) 1.5
(2) 30; (5) 60; (4) 360.

durations of the relaxation process. If a straight line correspond-
ing to the isothermal state is drawn in Fig. 7, it is possible to deter-
mine the function U —f(<fc)- This relation makes it possible to
establish the maximum temperature at which the polymer can
withstand a stress of a particular magnitude over a specified time tT.

1 2 3

20.0

50 150 200 TfC

Figure 7. Temperature dependence of the critical stresses for PBO
corresponding to different durations of the relaxation process (min): (1)
1.5; (2) 9; (5) 30; (4) 60; (5) 360.

An analytical relation between ac and tT has been obtained s in
the form

lgtT=A[l-exp{-Ba;c)], (4)

where the parameters A, B, and C depend on temperature. These
parameters are listed in Table 2.

Table 2. The parameters A, B, and C in Eqn (4) for PBO.

T/°C A B C

150
175
200
220
230

4.39
4.47
4.56
5.03
4.51

24.1
5.91
4.25
3.24
1.77

9.65
2.63
2.08
1.83
1.41

Note. For all the coefficients quoted, the time t, is expressed in s and a in
kg cm~2 in calculations by Eqn (4).

The most important parameter, characterising the kinetics of
the relaxation process, is the slope of the linear section of the
lgfr-lgo'c relation. For polybenzoxazole, the temperature
dependence of the slope tan a has a characteristic form (Fig. 8);
in the range 20-130 °C, tan a depends only slightly on tempera-
ture. Above 130 °C, it diminishes sharply, which indicates the
acceleration of the relaxation processes. Such a dependence makes
it possible to divide arbitrarily the temperature range of the glassy
state into sections, along which the rates of the relaxation
processes are different, a sharp acceleration of the relaxation
processes being observed in the middle of the temperature range of
the glassy state. In this respect, the given polymer behaves
similarly to other heat-resistant polymers.

Such substates cannot be observed by the dynamic mechanical
analysis, with the aid of which the temperature dependences of the
components of the complex modulus of elasticity E* and of the
loss factor tan 5 are determined at a particular frequency. The
relaxation transitions, observed by the dynamic mechanical
method, are manifested at temperatures other than those of the
transitions observed from the temperature dependence of the
parameters of the static stress relaxation. This is evidently
associated with the nonlinearity of the mechanical behaviour,
which is manifested for the deformations (several %) specified
during tests on polymers under static stress relaxation conditions.
We shall deal below with this important question whilst analysing
the mechanical behaviour of other heat-resistant polymers.

The relaxation properties of two polymers have been studied
in detail:6 polyoxadiazole (POD)

and the polyimide PI-2

O

--N

PI-2

The temperature dependences of the critical stresses ac for these
polymers are presented in Fig. 9. The difference in the viscoelastic
behaviour of polyoxadiazole and the polyimide may be noted.
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Figure 9. Temperature dependence of trc for PBO (a) and the polyimide
PI-2 (b) corresponding to different durations of the relaxation process
(min): (/) 0.5; (2) 1.5; (5) 15; (4) 60.

At high temperatures, the polyimide PI-2 is superior to POD
as regards mechanical stresses which the polymer can withstand
without softening for the same temperature and duration of the
relaxation process. This is quite natural since PI-2 has a higher
glass transition temperature (380 °C compared with 335 °C for
POD). However, in the temperature range from 270 to 70 °C,
polyoxadiazole is superior as regards critical stresses to PI-2 in the
region of comparatively low temperatures.

The temperature dependences of tan a for the above polymers
have been analysed by comparison with other polymers.6 These
relations are presented in Fig. 10. The temperature dependences
of tan a for polymers of different classes are not the same. The
following feature is characteristic of PDO, polyarylate, and a
number of other polymers: within a certain range of compara-
tively low temperatures, tan a remains almost constant or actually
increases, while in the centre of the temperature range, corre-
sponding to the glassy state, it begins to decrease sharply. On
further increase in temperature, the sharp decrease in tana slows
down and a smooth decrease is observed down to the glass
transition temperature. This shows that, long before the glass

tana

100

50

100 200 300 r / ° C

Figure 10. Temperature dependence of tan a for polyoxadiazole (1),
polyimide (2), PBO (3), and the polycarbonate based on bisphenol A (4).

transition temperature is attained, a relaxation transition takes
place as a result of which the relaxation processes in the solid
glassy state are rapidly accelerated. In essence we are dealing with
a solid-solid transition, the latter differing from the y- and P-
transitions, determined by the dynamic mechanical analysis from
the temperature variation of the mechanical loss factor. We shall
refer to the transition in the solid glassy state described above as
the Tx transition. We shall trace the manifestation of the rM

transition for polymers of different structure (Fig. 10).
A weak temperature dependence of tan a over a wide

temperature range is characteristic of polyoxadiazole and the
polyimide PI-2. Thus tan a for polyoxadiazole hardly depends
on temperature up to 220 °C and only then begins to decrease
appreciably, particularly at 300 °C, i.e. near the glass transition
temperature. This trend is even more marked for the polyimide; a
sharp decrease in tan a is observed only at 320 °C, tan a retaining a
virtually constant value over a wide temperature range. In terms
of this feature, the above polymers have a significant advantage
compared with PBO and polyarylate, because their relaxation
properties hardly depend on temperature up to the glass transition
temperature.

It was noted above that the absolute value of tana character-
ises the rate of relaxation of the critical stresses, i.e. the workability
of the polymer under extreme conditions. The higher the value of
tan a, the less the extent to which the critical stresses relax. In this
respect, PBO is significantly superior to POD and PI-2 in the
temperature range 20-120 °C, but the disadvantage is lost as the
temperature rises.

Thus heat-resistant aromatic polymers can be divided into two
classes taking into account their relaxation properties. The first
class includes polymers in which the stress relaxation within a
certain range of comparatively low temperatures is manifested to
only a slight extent even under extreme conditions (on exposure to
critical stresses). However, in the middle of the temperature range
of the glassy state observed, the relaxation stress increases sharply,
which may lead to the loss of mechanical workability long before
the attainment of the glass transition temperature. The second
class includes polymers in which the stress relaxation is much
more marked (this is indicated by the low values of tan a), but the
parameters of the relaxation processes are stable up to the glass
transition temperature even under extreme conditions. Such
polymers are POD and PI-2.

Consequently, if the conditions of use of the polymeric
material requires it to retain the stresses established in it, then
polymers of the first class must be chosen as such materials.
However, these may be usable over a comparatively narrow
temperature range. On the other hand, if the polymeric materials
must exhibit distinct viscoelastic properties, polymers of the
second class must be chosen.

The mechanical behaviour of the following polymers has been
investigated:7

the polyamidoimide

o

the polyarylate
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the aromatic polyamide (Phenylon S-4)

H--

and POD.
In the investigation mentioned above, film specimens were

studied under the conditions of uniaxial elongation. For all the
heat-resistant systems investigated, a series of relaxation curves
were obtained at a constant deformation eo over a wide range of
variation of the latter in the region of linear and nonlinear
viscoelasticity (up to disruptive deformation at different tempera-
tures over a wide range of temperatures of the glassy state of the
polymers).

The critical stresses <rc and their temperature variations were
determined from these curves. Such a variation for the polyarylate
is presented in Fig. 11, while the temperature variations of tan a.

30 •

10

20 100 T/°C

Figure 11. Temperature dependence of the critical stresses in polyarylate
for different durations of the relaxation process (min): (1) 1; (2) 3; (3) 10;
(4)30; (5) 60.

for all four polymers are shown in Fig. 12. When account is taken
of the temperature variations of tan a, it is possible to divide the
temperature range of the glassy state for the systems investigated
into sections where the rates of the relaxation processes are

tga
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Figure 12. Temperature dependence of tan a for polyamidoimide (a),
POD (A), Phenylon S-4 (c), and polyarylate (d).

different. For all the systems, a sharp acceleration of the relaxa-
tion processes is then observed in the middle of the temperature
range of the glassy state.

An appreciable expansion of the temperature range in which
the parameters of the relaxation behaviour are found to be
independent of temperature is characteristic of polyoxadiazole
and phenylon S-4 films: compared with polyarylate and polyami-
doimide films, the temperature range in which tan a is constant
increases up to 140 °C.

As mentioned above, the critical stress <rc depends on the time
tt and relaxes in exactly the same way as the usual stresses a. With
increase in process time, the relaxation ac slows down and as
tT -* oo the relaxation becomes negligible. The corresponding
values of ac will be referred to (conventionally) as equilibrium
critical stresses and will be designated by acx.

The temperature dependence of <rcoo confines the region of
stresses and temperatures in which there are no rapid relaxation
processes, i.e. limits the region of the mechanical workability of
the polymers under the conditions of stress relaxation. Fig. 13
presents the temperature variations of acm for four polymers. The
influence of the structure of the polymers on their relaxation
behaviour may be analysed on the basis of these relations. The
first factor to which attention must be drawn is the marked
difference between the critical stresses for all the systems in the
range of low temperatures. Naturally, the higher the glass
transition temperature of the polymer the higher are the tempera-
tures at which finite equilibrium stresses are retained. However, an
increase in the heat resistance of the polymer (in particular in the
glass transition temperature) promotes a significant increase in the
mechanical stresses capable of being retained in the polymeric
material under the conditions of stress relaxation and at low
temperatures (Fig. 13). At 22 °C the critical equilibrium stress is
53 MPa for the polyamidoimide, 70 MPa for POD, 75 MPa for
the polyarylate, and 103 MPa for phenylon S-4.
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Figure 13. Temperature dependence of the equilibrium critical stresses in
Phenylon S-4 (7), polyarylate (2), POD (3) and polyamidoimide (4).

Thus, if the polymeric material is required to retain its
workability at high mechanical stresses, then preference must be
given to heat-resistant aromatic polymers even in the region of low
temperatures.

Extrapolation of the temperature variations of the equilib-
rium critical stresses to their zero value makes it possible to
determine the glass transition temperature of an amorphous
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polymer, which is smallest among all the glass transition tem-
peratures determined at finite rates of application of mechanical
and thermal influences. This temperature apparently constrains
the actual temperature range in which the solid polymer may be
used as a constructional material without breaking under the
influence of stresses (up to critical stresses).

The crystallisation of polymers is known to increase signifi-
cantly their strength and resistance to mechanical disruption. For
example, phenylon, a crystalline aromatic polyamide, withstands
much greater stresses in the temperature range 22-220 °C, with-
out breaking or softening, compared with other heat-resistant
systems, although their glass transition temperatures are higher
than that of phenylon (Fig. 13). A sharp decrease in the equilib-
rium critical stresses has been observed for phenylon, although at
comparatively low temperatures its mechanical workability is
significantly greater. Thus, provided that it is possible, the
crystallisation of heat-resistant systems is an effective means of
expanding the region of workability towards higher stresses.

It was noted above that the plotting of the temperature
variations of the critical stresses is one of the procedures for
generalising the results of relaxation measurements. Another
method for such generalisation involves the application of the
principle of the temperature-time analogy (TTA). According to
this principle, one plots master lg Er-lg (f/aT) relaxation curves,
where aT is the shift factor. Curves are plotted by displacing the
lg ET-\% t relaxation curves at different temperatures along the
lg / axis. Fig. 14 presents the initial relaxation curves and the
master curve for PBO,5 as well as the temperature variation of the
shift factor. The latter is a complex function which does not obey
the Williams-Landell-Perry equation over the entire tempera-
ture range of the glassy state. Each substate has its own
lg aT =f(T-T0) relation.

The occurrence of transitions from one substate to another
must be taken into account for objective estimation of the
mechanical workability of the polymer under the conditions of

stress relaxation. If the polymer is used as a constructional
material at temperatures close to the glass transition tempera-
ture, it can be subjected to very small loads for a short time.
However, when polymeric materials are used under the conditions
of variable temperatures, where a transition from one substate to
another, involving a sharp acceleration of relaxation processes, is
observed, the mechanical workability may be lost at a temperature
much lower than the glass transition temperature. Thus the region
of stable mechanical workability of PBO is in the temperature
range 22-125 °C, which corresponds to a substate in which the
rate of relaxation processes is relatively insensitive to temperature.

Fig. 15 presents the initial relaxation curves and the master
relaxation curve for PI-2.6 The generalised curve for PI-2 is
smooth and only a slight decrease in £,. with increase in lg t is
observed.

The temperature variations of the shift factor lg ax are well
described by the power function

where C is a constant for the material, To the reduction tempera-
ture, and n the power exponent.

The possibility of describing the dependence of lg ax on T- To
by a power function has been demonstrated also for other heat-
resistant polymers.8 The quantities C and n depend on the
deformation E. This indicates the nonlinearity of the mechanical
behaviour of the polymers. The dependences of C and none are as
follows:

C = Coe",

n = ae + b,

(6)

(7)

where Co, y, a, and b are constants for the material.
The viscoelastic behaviour of a series of heat-resistant poly-

mers under isothermal stress relaxation conditions was charact-
erised above. The study of the behaviour of heat-resistant
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Figure 14. Master curve lg£r—lg(</ar) for PBO (a) at «o= 1.5%[testtemperature(°C):(V)22;(2)125;(5)175; (4) 200; (5) 210; (<S) 220; (7) 230; adjusted
to a temperature of 22 °C] and temperature dependence of the shift factor OT (b).
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Figure 15. Initial and master relaxation curves (a) and temperature
dependence of the shift factor (6) for the polyimide PI-2 at o = 2.8%
and different temperatures (°C): (7) 20; (2) 70; (5) 120; (4) 170; (5) 220; (6)
270. Adjusted to a temperature of 20 °C.

polymers under creep conditions is also of fundamental interest,
because in many cases such polymers are used under precisely such
conditions. However, one should note that few investigations of
this kind have been made.9"12

The characteristics of the viscoelastic behaviour of heat-
resistant bulky polymers under isothermal creep conditions have
been investigated in relation to PBO.11 The experiments on creep
over the entire range of temperatures and stresses possible for the
given polymer made it possible to characterise fully the region of
its mechanical workability and to compare it with the similar
region under stress relaxation conditions.

Fig. 16 presents, as an example, creep curves obtained at a
constant temperature and for different stresses. Evidently the
consecutive increase in stress at a constant experimental tempera-
ture leads to a steady displacement of the creep curves into the
region of greater deformations. The nonmonotonic (accelerated)
increase in deformations and in the rate of creep with increase in
stress has been observed in the region of high temperatures and
stresses.

£(%)

9 -

6 -

3 -

60 120 T/min

Figure 16. Creep curve at 210 °C for different stresses (MPA): (7) 10;
(2) 15; (3) 20; (4)25.

In order to generalise the experimental data on creep, two
procedures are used. The first involves the plotting of isothermal
dependences of the creep deformation on stress; the critical
stresses ac, above which the acceleration of the creep process

<rc /MPa
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Figure 17. Regions of mechanical workability for PBO under isothermal
stress relaxation (region 7) and creep (region 2) conditions.

begins, are determined from the bend in these relations. The cc- T
temperature relation yields a characteristic of the mechanical
workability of a heat-resistant material under creep conditions.
The regions of workability of PBO under creep and stress
relaxation conditions may be compared in Fig. 17. Evidently,
the curves confining the region of the workability of PBO are
similar, which indicates that the processes underlying the viscoe-
lastic behaviour are common to such cases.

The relaxation properties of a polyimide film based on
pyromellitic dianhydride and bis(4-aminophenyl) ether have
been investigated in just as much detail under creep conditions.12

r o

- -N

Apart from the procedure described above, another method
has also been used to generalise data on creep, which involves the
plotting of master 1= e/o compliance curves using the principle of
the temperature-time analogy. For this purpose, the l g / - l g /
relations at different temperatures but for constant stresses are
shifted along the lg t axis by an amount lg a-j until they coincide
with the master curve.

The master compliance curves for the polyimide film for
different levels of stress are presented in Fig. 18. Evidently, the
master compliance curves diverge appreciably, which indicates a
nonlinear mechanism of their behaviour. A similar analysis has

lg(//MPa->)
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Figure 18. Master compliance curves for a polyimide film corresponding
to different stresses (MPa): (7) 50; (2) 70; (3) 90; (4) 110."
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been carried out for PBO.11 The relaxation properties of poly-
phenylquinoxoline (PPQ)

the films. This is also indicated by the data obtained in a study14 of
the strength and relaxation properties of films based on the
copolymer of phenylquinoxaline (PQ) and naphthoylenebenzimi-
dazole (NBI) having a regular structure.

PPQ

and PI-2 (the chemical structure of the polyimide is shown above)
have been investigated as a function of the prehistory of their
preparation from solutions.13 Pure solvents and their mixtures
with a small amount of precipitants were used as solvent media.
The addition of precipitants ( ~ 2 % - 5 % relative to the solvent)
leads to the formation of films with an enhanced strength and a
significantly greater deformability. When films are prepared from
solution, it is possible to regulate the rate of stress relaxation and
creep (Fig. 19). Master compliance curves have been constructed
by the horizontal shift along the lg / axis of compliance curves
obtained at a single temperature but for different stresses
(Fig. 19a) and for a single stress but at different temperatures
(Fig. 196). In all cases, the compliance of the films obtained from a
mixture of the solvent and a precipitant is greater than that of the
films obtained from the solvent alone.

Having analysed the relation between three parameters — the
intrinsic viscosity [>/], the Huggins constant KH, and the second
virial coefficient A2 — Matevosyan et al.13 concluded that,
judging from the values of A2 and KH, the thermodynamic quality
of the solvents is impaired after the addition of a small amount of
the precipitant. This is quite reasonable. However, judging from
the values of [IJ], this property improves. Apparently, the addition
of small amounts of the precipitant gives rise to a specific
interaction between the polar groups of the polymer and the
solvent molecules, which leads to a considerable anisometry of the
molecules and to an increase in swelling. As a consequence of this,
[>/] increases, while the mechanical properties of the film obtained
from complex solvent media are appreciably superior to those of
films obtained from the pure solvent. When large amounts of the
precipitant are added, [rj] diminishes and the properties of the
films are markedly impaired. This in fact accounts for the
anomalous increase in [rj\.

Thus, by changing the composition of the solvent medium in
the preparation of heat-resistant aromatic polymer films from
solutions involving the addition to the latter of a small amount of
a precipitant, it is possible to regulate within wide limits the
relaxation as well as the strength and deformation properties of

NBI

These systems are characterised by a regular alternation of
various heterocyclic fragments, which is in fact responsible for
their improved solubility in organic solvents compared with
copolymers having an irregular structure and obtained by the
interaction of various bis(o-phenylenediamines) with 1,4-bis-
(phenylglyoxalyl)benzene and the dianhydride of naphthalene-
1,4,5,8-tetracarboxylic acid.15

The high viscous characteristics of the copolymers based on
PQ-containing bis(o-phenylenediamines) made it possible to
obtain films from them. These films have been prepared u from
two solvent media: /w-cresol and a 3:1 tetrachloroethane
(TCE)-phenol mixture.

The initial and final relaxing stresses * for films obtained from
the TCE phenol mixture are lower at all temperatures than for
films obtained from w-cresol (Fig. 20). A significant difference is
observed at ~ 150 °C, where the relaxation processes occur most
vigorously. On the one hand, this confirms the existence of a
pronounced relaxation transition in the range of temperatures far
from the glass transition temperature. On the other hand, this
indicates a significant influence of the prehistory of the specimens
prepared from the same polymer on their relaxation behaviour.

A similar result has been observed in the analysis of creep
data. The specimen prepared from the tetrachloroethane—phenol

fThe initial and final relaxing stresses are respectively the stress at the
moment of the completion of the 'instantaneous' imposition of the
deformation and the stress developing over a finite period of observation.
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Figure 19. Master compliance curves for polyphenylquinoxaline corresponding to different stresses (a) and temperatures (b). The films were obtained
from chloroform with added 5% of ethanol (1), 2% of toluene (2), and pure chloroform (3).
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Figure 20. Temperature dependences of the initial (curves 1 and 2) and
final (curves 3 and 4) relaxing stresses for copolymer films obtained from
m-cresol (curves 1 and 3) and from the TCE: phenol = 1 : 3 mixture
(curves 2 and 4). Initial deformation 3%.

mixture has a significantly greater creep deformation at various
stresses than the specimen obtained from m-cresol. In order to
account for these data, the quality of the solvent medium was
examined in relation to the polymer. The quality of the solvent
may be estimated with the aid of a new solubility criterion
introduced by the present author and his coworkers.16-17 It has
the form

1.374o(o - - 1 + a )= (8)

where \i = 5p/8l (5P and 5, are the solubility parameters of the
polymer and the solvent),

(9)

(Vp and V, are the molar volumes of the repeat unit of the polymer
and the solvent respectively), and a = yp,/ys (yps is the interfacial
tension at the polymer-solvent boundary and ys is the surface
tension of the solvent).

The results obtained14 are presented in Table 3, from which it
is seen that in the case of PPQ the quantity \i is much smaller than
P for both solvents. Consequently PPQ should dissolve readily in
both solvents (which has in fact been observed experimentally),
while the presence of PQ units in the copolymer should lead to the
appearance or a significant improvement of the solubility when
PQ rings are combined with other heterocycles.

enhanced on passing from the TCE-phenol mixture to m-cresol.
Consequently, on passing from m-cresol to the TCE-phenol
mixture, the quality of the solvent is somewhat impaired. Accord-
ing to the results of Matevosyan et al.13, this should lead to an
increase in deformability both under the conditions of continuous
uniaxial extension and under creep conditions. In the measure-
ment of the stress relaxation for films obtained from solvents of a
poorer thermodynamic quality, the relaxation processes should be
more far-reaching, and, other conditions being equal, the decrease
in the relaxing stresses should be more pronounced, which has
been confirmed experimentally.14

The results of relaxation measurements carried out under
isothermal conditions were examined above. Such experiments
require a very long time. However, the method for the determina-
tion of the regions of mechanical workability described by the
present author 3 may prove useful in characterising the mechanical
behaviour of polymers over a wide range of temperature and
stresses.

The essential feature of the method consists in the measure-
ment of the stresses which arise in the specimen during its thermal
expansion whilst retaining a constant deformation imposed
initially under the conditions of uniaxial compression. With
increase in temperature, the stresses in the specimen increase as a
consequence of thermal expansion, and then, as a result of its
softening under load, they begin to diminish and become zero on
complete softening of the specimen. The temperature dependences
of the stress for polyketone A are presented in Fig. 21.18

C O - -

The geometrical locus of the maxima on these curves together
with the coordinate axes confine the region of stresses and
temperatures in which the solid polymeric material is not dis-
rupted and does not soften under the specified conditions of the
tests.

Apart from polyketone A, polyketones B and C having the
following structure have also been investigated:18

Table 3. Solubility criteria for different polymer: solvent pairs.

Solvent u

PPQ polymer unit

m-Cresol
TCE: phenol

PNBI polymer unit

m-Cresol
TCE: phenol

0.851
0.897

0.980
1.080

1.100
1.082

1.080
1.070

On the other hand, n for polynaphthoylenebenzimidazole
(PNBI) either differs very little from /? being smaller, or is greater
than the latter; this means that the polymer dissolves very
sparingly or is insoluble, which has also been observed experi-
mentally. In the case of a heterounit polymer containing PQ and
NBI units, solubility should be observed for different ratios of the
PQ and NBI units.

As regards the influence of the quality of the solvent medium,
it can be seen from Table 3 that the inequality of the criteria (8) is
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Figure 21. Region of the workability of polyketone A, the arrow indicates
the softening temperature, which is close to the melting point.
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We shall compare the heat resistances of all three polyketone
specimens. For this purpose, we shall combine on one figure the
curves confining the regions of the workability of these polymers
(Fig. 22). It is seen from the figure that specimens A and B have
virtually identical heat resistances and are significantly inferior to
specimen C in this respect. All this is valid for the region of
comparatively large mechanical stresses. As regards the region of
small stresses at high temperatures, preference must be given to
the partly crystalline specimens A and B. This is confirmed by the
data presented in Fig. 21. For polyketone A, the mechanical
stresses appreciably diminish after passing through a maximum,
but, with increase in temperature, this decrease slows down and
the curves form a 'loop'. The stresses relax very slowly and become
zero at a high temperature, close to the melting point. Such
relaxation behaviour is characteristic of semi-crystalline poly-
mers.
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Figure 22. Curves confining the region of the mechanical workability of
polyketones A, B, and C.

Thus the crystallisation of aromatic polyketones does not lead
to an increase in heat resistance in the region of large mechanical
stresses, where the softening of the specimen is associated with the
properties of the amorphous component. However, crystallisation
increases significantly the temperature at which the specimen
softens fully (in the region of low mechanical stresses or in their
complete absence).

The influence of the degree of conversion into a monolithic
form on the relaxation properties of an aromatic polyimide having
the following chemical structure has been studied:19

O

The need for such investigations arises because the processing
of aromatic heat-resistant polymers by traditional methods (for
example by hot pressing) does not always lead to the formation of
monolithic specimens, although it is known that even in the
nonmonolithic form heat-resistant polymers are capable of with-
standing large mechanical loads at elevated temperatures. The
following question arises in this connection: to what extent do the

mechanical properties of truly monolithic specimens differ from
those of nonmonolithic specimens comprising materials pressed at
high temperatures and pressures and consisting of individual
grains of the initial powder?

Analysis of the relaxation behaviour of the polyimide19

showed that the master relaxation curves for specimens with
different degrees of conversion into a monolithic form are
disposed fairly close to one another. Consequently nonmono-
lithic specimens of this heat-resistant specimen have good
mechanical characteristics close to those for the truly monolithic
material.

The mechanical behaviour of heat-resistant aromatic poly-
mers at low temperatures is of special interest. In the early
studies,20"24 it was already noted that the stability of the heat-
resistant polymers is fairly high at low temperatures. A high
deformability even at —270 °C is characteristic of these poly-
mers.22 Heat-resistant polymers are therefore of significant inter-
est as cold-resistant materials for use in structures associated with
cryogenic techniques. However, the characteristic features of the
relaxation mechanical behaviour of such polymers at low tem-
peratures have been investigated only recently (one should note
that Perepechko and Voloshilov23-24 carried out a dynamic
mechanical analysis of the polymers).

The stress relaxation and creep processes have been studied in
detail for PBO and POD.25 In the study of the stress relaxation
and creep in PBO and POD, it was established that the relaxation
processes in such polymers are pronounced in the region of low
temperatures. Analysis of experimental data on the stress relaxa-
tion showed that, over the entire temperature range employed
(from 20 to —145 °C), a shift of the relaxation curves into the
region of higher stresses is observed during the growth of
deformation. Under these conditions, the increase in deforma-
tion is accompanied by an appreciable acceleration of the relaxa-
tion in the initial period. Fig. 23 presents as an example the
relaxation curves for PBO at —75 °C and for different initial
deformations. A decrease in temperature to —145 °C leads to a
significant retardation of the relaxation processes.

220

140

o 30 60 90 t /min

Figure 23. Stress relaxation curves for PBO at - 75 °C and different
initial deformations (%): (7) 4; (2) 6; (3) 8; (4) 9; (J) 10.

A similar pattern in the variation of the relaxation processes is
observed in the study of the behaviour of the above polymers
under creep conditions. As an example, Fig. 24 presents creep
curves for POD at -120 °C and for different initial stresses.
Evidently, an increase in the applied stress at a constant experi-
mental temperature leads to a steady displacement of the creep
curves towards greater deformations. Under these conditions,
more marked relaxation processes are observed following an
increase in stress. With decrease in temperature, the creep
weakens appreciably, although at - 5 0 and - 7 5 °C it is man-
ifested quite strikingly.
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Figure 24. Creep curves for POD at -120 °C and different initial stresses
(MPa): (1) 120; (2) 180; (5) 220; (4) 260; (5) 290.

It was noted above that, when the temperature is varied in the
region of the glassy state, a change in the rate of relaxation
processes and the appearance of relaxation transitions are
characteristic of heat-resistant polymers. Such transitions have
been discovered for heat-resistant polymers in the study of their
relaxation properties in the region of raised temperatures. We
shall now consider the relaxation transitions at low temperatures.

The temperature dependence of the parameter tan o for PBO is
presented in Fig. 25. Evidently, this relation consists of two
sections. In the range from 293 to 203 K, the quantity tan a
changes only slightly. With decrease in temperature in the range
from 203 to 128 K, it begins to increase sharply. The greater the
value of tan a, the smaller the extent to which the relaxation of
stress is manifested. A decrease in temperature leads to a
significant alteration of the segmental and group mobilities of
macromolecules, which is ultimately reflected in the rate of
relaxation.
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Figure 25. Temperature dependence of tan a for PBO; deformation 8%.

Thus the temperature dependence of tan a for PBO makes it
possible to observe a relaxation transition at 203 K in the low-
temperature region and to identify subregions with different rates
of the relaxation processes.

In the range of positive temperatures, a distinct Ts, transition
is observed for PBO within the glassy state, so that one may
conclude that the appearance of several TM transitions is charac-
teristic of heat-resistant polymers. It must be emphasised yet again
that one is dealing with transitions discovered under the condi-
tions of static relaxation measurements, where the degree of
deformation is greater by many orders of magnitude than under
the conditions of dynamic mechanical analysis, i.e. when the
nonlinearity of the mechanical behaviour plays a significant role.

The experiments described above, involving the study of the
mechanical behaviour of heat-resistant polymers, were carried out
in the range of temperatures from room temperature to the
temperature of liquid nitrogen. Subsequently, the temperature
range was extended26 down to the temperature of liquid helium.
PBO and PI-2 were studied.

The stress-strain curves for PBO and the polyimide PI-2 at
different temperatures are presented in Fig. 26. The results
showed that the above heat-resistant polymers do not undergo
brittle rupture down to 77.3 K. The stress-strain curves have
fluidity plateaus, which indicates mechanical softening. The
strength properties increase linearly by a factor of ~2 -2 .5 on
cooling from 300 to 77.3 K.

A quasi-brittle rupture accompanied by a sharp sound, takes
place at 4.2 K. In this case, the specimens are deformed up to
s = 8% -10% for PBO and 6 = 6% for the polyimide PI-2.

Above 77.3 K, the polymeric specimens did not lose their
integrity on deformation up to 25%. At 77.3 K (in liquid
nitrogen), the specimens are deformed further up to e w 20%
beyond the fluidity plateau and then disintegrate, the rupture
being accompanied by a sharp sound.

In order to obtain a more objective deformation and rupture
picture for heat-resistant polymers at low temperatures, tests have
been carried out at different rates of deformation.26 The rate of
deformation has little effect on the strength properties of PBO and
the polyimide at low temperatures (the changes amount to
10% -20%). The results indicate an anomalous influence of the
rate of compression on the strength characteristics of PBO. Thus,
on raising the rate of compression from 0.1 to 1 mm min - 1 , the
strength does not increase, as is usually observed, but actually
decreases. This is characteristic of all test temperatures. Such an
effect can be accounted for only by the different nature of the
structural transformations occurring as the rate of compression is
changed.
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Figure 26. Uniaxial compression curves for PBO (a) and the polyimide PI-
2 (i) at different temperatures (K): (1) 4.2; (2) 77.3; (5) 103; (4) 150; (5) 200;
(<5)3OO.
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Table 4. The yield stresses for a series of polymers during thennocycling.

Polymer

MK-M-3
PBO
PI-2
F-4
PKIT

Temperature range

of thennocycling

(77-398)±5
(77-473)±5
(77-473)±5
(77-473)±5
(77-423)±5

<7y (MPa) for different numbers of thermocycles

0

88
199
270

17
191

10

85
204
272

15.5
210

50

85
200
271

15
174

100

85
200
272

16.5
189

200

86
201
274

15.4
181

300

88
200
273

12.9
181

400

87
192
267

192

500

87
188
268

199

600

—
263

—
—

700

—
280

—
—

800

_
270

—
—

900

_
268

—
—

1000

_
269

—

-

Another procedure used in the tests for cold resistance consists
in the thennocycling of the polymer materials and the study of the
influence of such thennocycling on their mechanical properties.
This procedure has been used27 for a number of polymers: the
polycarbonate MK-M-3,28 the fluoroplastic F-4,* the polyimide
PI-2, PBO, and the polyketone PKIT having the following
chemical structure:

// \ //
O O

V \

m:n = 0.7:0.3.

The resistance of the test polymers to the effects of repeated
thermocycles was determined by analysing the state of the PI-2,
PBO, and F-4 specimens after heating to 473 ± 5 K, the PK-M-3
specimen after heating to 398 ± 5 K, and the PKIT specimen after
heating to 423 K and subsequent rapid cooling with liquid
nitrogen.

After a definite number of thermocycles, some of the speci-
mens were used to obtain stress-strain curves at room tempera-
ture. The average values of the yield stress ay determined from
them as a function of the number of thermocycles are presented in
Table 4. After 500 thermocycles, the mechanical properties of
PK-M-3 hardly changed.

For PBO, the influence of thennocycling up to 300 cycles is
also insignificant. On further use, a slight impairment of its
properties begins and after the attainment of 500 cycles ay

diminishes by 5%.
The mechanical properties of the polyimide PI-2 did not

charge on thennocycling and the polyketone PKIT also showed
a high resistance to thennocycling.

In contrast to heat-resistant aromatic polymers, the fluoro-
plastic (fluoroplast) F-4 exhibited an extremely low resistance to
thennocycling. Its yield stress diminishes after only 10 cycles.
After 100 cycles, the cracking and disintegration of the specimens
begin. It may be that this is associated with the transformation of
the crystal structure of the fluoroplastic as a result of cyclic
temperature changes.

m . Stress relaxation and creep curves
In the early studies of the stress relaxation and creep processes for
heat-resistant aromatic polymers, the Kohlrausch equation

H)k- (10)

was widely used. Here a{t) is the current (relaxing) stress, oo the
initial stress which develops at the moment of the completion of
the 'instantaneous' creation of the deformation, Tr the relaxation
time, and <7oo the 'equilibrium' stress.

The memory function, leading to this equation, has the form 29

<••>
where E\ is the modulus of elasticity, t the finite duration of
relaxation time, x the cunent relaxation time, and k a constant for
the material.

A similar memory function for the description of the creep
process has been used by Bronskii:30

( 1 2 )

where I\ and m are constants for the material and 6 is the
retardation time. When this memory function is substituted in
the Boltzmann equation, we obtain the following relation for the
description of creep under the conditions a = oo — const:

E(0 = ff0/oo{'-[(my (13)

Here 1^= 1+ h is the equilibrium compliance, / the 'instanta-
neous' compliance, and ao the constant stress for which creep is
measured.

Eqn (13) describes satisfactorily the creep of polymeric
materials. The creep hardly changes after the specimen has been
exposed for some time to a constant stress. However, in many
instances the so called steady creep section is observed on the creep
curves, but the deformation increases with time approximately in
accordance with a linear law. To a first approximation, this can be
taken into account by formulating the creep memory function in
the form

X Equivalent to Teflon (Translator).

where t\ is the viscosity of the system.
Having substituted Eqn (14) in the Boltzmann equation, we

obtain

(15)

where oo/oo = £o is the equilibrium deformation.
The most complex question in fitting the Kohlrausch equation

to the stress relaxation and creep curves concerns the reliability of
the estimation of the parameters of this equation. A detailed
description of the procedure for the determination of the para-
meters of Eqn (15) may be found in the communication of
Askadskii et al.31

Creep curves for a series of linear and network solid polymer
systems based on heat-resistant polymers have been calculated.
The parameters of Eqn (15) for such systems are listed in Table 5.
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Table S. Parameters of Eqn (IS) for a series of linear and network solid
polymer systems.

No.

1
2

3

4

5

•Th<

System

Polyarylate F-2
Polyphenyl-
quinoxaline
Composition based
on 100 parts of F-2
and SO parts of the
epoxy polymer
UP-612
Polyarylate F-2
preheated at
200°Cfor20h
Composition
based on 100 parts
of F-2 and 10 parts
of the epoxy polymer
UP-612

; sum of squares of
experimental quantities.

«o(%)

15.42
13.03

8.59

6.34

4.98

e
/min

1.89
16.81

0.097

3.89

0.0084

the differences

m

0.37
0.59

0.096

0.093

0.0036

between t

10-'*»j

/P

8.94
6.89

6.14

1.97

3.77

0.85
0.62

0.16

0.046

0.063

lie calculated and

The calculated points, obtained with the aid of Eqn (IS) and
the data in Table 5, fit satisfactorily on the experimental creep
curves for different polymers (Fig. 27). The sum of squares of the
differences between the calculated and experimental values is in
the range from 0.046 to 0.85 (Table 5).

12.5 •

2.5

30 50 f/min

Figure 27. Creep curves for linear and network systems determined for
stresses of 400 MPa (curves / and 4) 200 MPa (curve 2), 1200 MPa (curve
3), and 600 MPa (curve 5) at 150 °C (curves 1 and 4), 240 °C (curve 2),
20 °C (curve 3), and 90 °C (curve 5).

In further studies of the relaxation properties of heat-resistant
polymers, the stress relaxation and creep curves were fitted using
new memory functions, proposed by the present author.32 These
memory functions are based on the consideration of the change in
the entropy of the specimen during stress relaxation. The first
memory function was obtained by analysing the kinetics of the
interaction of the relaxators and the transition of the 'product' of
this interaction to a nonrelaxing material. The term 'relaxator' is
applied to various kinetic units, including individual groups of
atoms (links, segments), which interact with one another within
the limits of their kinetic volumes; undergoing a change in
structure during the processes, they are converted into nonrelax-
ing materials. Here we are dealing not with a chemical interaction
but with an interaction of a physical kind. For example, the

formation of microblocks — regions with the densest packing
playing the role of physical network nodes — may be assigned to
such interactions. During stress relaxation, the microblocks may
break down and appear at other sites, which leads ultimately to a
decrease in the relaxing stresses. One can consider also other
instances of interactions of this kind. For example, the interaction
of microdefects within the limits of individual microcavities may
lead to their fusion in the course of stress relaxation and to the
removal of the stress concentration. Thus, the kinetic units may be
of different nature. This leads to the appearance of subsystems
which may interact weakly with one another. However, one can
apparently identify isotypical units which determine the course of
the relaxation process.

If the relaxators considered are isotypical, the memory
function assumes the form 32

(16)

+(1 - a + ao)ln(l - a + ao)]"1 - 0.5} ,

where So is the initial entropy of the system (specimen), fen the
Boltzmann constant, nt\ = ml JJ" T*i(z)di [here m\ is the total
number of microheterogeneities in the specimen and T\(x) is the
time-dependent factor of the memory function, enclosed in braces,
in Eqn (19) (see below)], a is the fraction of relaxators relative to
the total number of kinetic units in the system, and ao the fraction
of relaxators which have reacted by the time when the creation of a
constant deformation has been completed (the quantity ao was
assumed32 to be constant for all the materials and equal to 10~10).

The quantity a depends on time and hence the entropy
production takes place during the relaxation process i.e. the
entropy increases as a consequence of the mixing of the relaxators
and nonrelaxators.

Two types of memory functions have been considered.32 As
noted above, the first is based on the allowance for the kinetics of
the interaction of the relaxators, which is described by an
irreversible nth order reaction. In this case, the time variation of
a assumes the form

« ( ! ) = •

1
(17)

where k* = kdt, ', Jfc is the rate constant for the interaction of the
relaxators, c0 their initial concentration, n the reaction order, and
P = (n-l)-K

The memory function (16) has a physical significance only
when a(r) > 0.5. Here one may note that, if we have a system
comprising heterotypical kinetic units where each type introduces
a perceptible contribution to the relaxation process, then we have
not one but several interaction constants. In this case, the function
(16) becomes complicated and this leads formally to the appear-
ance of a spectrum of relaxation times. However, experiments and
calculations have shown (see above) that a satisfactory description
of the stress relaxation is attained in the presence of only one
interaction rate constant.

The second memory function, based on the consideration of
the diffusion in the material of the specimen of the nonrelaxators
formed, has the form

1
"ln2j ' (18)

where m2 — mi §f 1\(z)&x [here m\ is the total number of
diffusing microheterogeneities in the specimen and 1\{t) is the
time-dependent factor of the function T2(t) enclosed in square
brackets in the equation] and at1 is the fraction of sites occupied at
time T by kinetic units during their random wandering in the
lattice 33 (here a is the velocity of an elementary migration step,
while y characterises the influence of constraints).
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We shall consider in greater detail the memory functions based
on the analysis of the kinetics of the interaction of relaxators and
their conversion into a nonrelaxing material.

If this process is considered as an irreversible nth order
reaction, then substitution of Eqn (17) in Eqn (16) leads to the
following expression:

r i ( T )
v

\ j-Jlnf =-J; -Ooj +

(19)

(l+*Vfl'

In a simplified version, when fc*T«l, the function (19)
simplifies to 32

r,(t) = -
So 1 - 1 (20)

In order to employ these memory functions in fitting the strain
relaxation or creep curves, it is essential to find their integrals for
different durations of the relaxation process. Such a procedure has
been carried out34 with the aid of a computer for different pairs of
the parameters k* and fi and for different process times ranging
from 0.5 to 10s arbitrary units. The tabulated integrals of the time-
dependent factor of the memory function (19) have been pub-
lished.34

The interaction of the relaxators has been considered32-34 as a
unilateral irreversible nth order reaction, i.e. it was assumed that
the interacting relaxators are converted into a nonrelaxing
material and that this process is irreversible. This factor in fact
required the introduction of the condition a(x) > 0.5. In another
study,35 the interaction of the relaxators was considered as a
reversible bilateral nth order reaction, the kinetic equation for
which assumes the form

~ (21)

Eqn (21) has been formulated subject to the condition that the
rate constants for the direct and reverse reactions are the same and
equal to k. As a result of this, at the time when the system reaches
equilibrium the fractions of the relaxators and nonrelaxators
become identical and equal to 0.5.

In order to find the dependence of the degree of conversion a
on the time t, the Runge-Kutta numerical method for the
automatic selection of the integration step was used.35 The
integrals of the time-dependent factor of the function r3(t) were
found by computer. This integral has the form JjJ 1%(x)A.t, where

(22)

+(1 - a + ao)ln(l - a + OQ)] ' - 0.5} .

The values of T5(T) for different parameters k and j? have been
published.35

In order to be able to use the functions 7I(T), Ti(x), and Ti(x)
to fit the stress relaxation curves, it is essential to substitute them
in the Boltzmann equation

(23)

where a0 is the initial stress.
On substituting the functions Ti(z), T2(r), and T3(x) in the

above equation and going over to the relaxing modulus, we obtain

(24)

(25)

(26)

The time-dependent factors of the functions T\(T), T\(X), and
7^(T) are described by Eqns (18) and (19) (the expressions in
braces) and Eqn (22) jointly with Eqn (21) respectively.

If Eqns (24)-(26) reproduce satisfactorily the experimental
relaxing modulus curves, then the ET — Jj( Tf (T)dt, ET —
Jjj 72(T)dt, and ET — & 1%(t)dx plots should be linear and their
slopes should be respectively EoSo/kgrnu EoSolk&nz, and
EoSo/komy, the intercepts on the ordinate axis should be equal
toEo.

In order to implement the above procedure, it is necessary to
have the tabulated integrals Jo' 7?(z)dz, JJ,' ̂ COdx, and Jo' T^Ai.
Such data are available.34-35 A computer program, with the aid of
which the curves may be fitted has also described in the above
communications. Its essential feature is that the values of the
above integrals in the form of three sets for different pairs of
parameters k* and /? and also a and y axe first introduced into the
computer memory. Next each experimental EJt) relation is fitted
by the linear equation (24), (25), or (26) and the pairs of
parameters k* and p and also a and y, for which the sum of
squares of the deviations of the experimental values of EJf) from
the calculated ones is a minimum and the correlation coefficient r
is a maximum, are chosen automatically.

The stress relaxation curve fitting procedures described above
are suitable only in the region of linear mechanical behaviour,
where the parameters of the relaxation process are independent of
the deformation level. We shall consider briefly the methods for
the fitting of relaxation curves also in the nonlinear region of the
mechanical behaviour, which is more characteristic of polymers.

At the present time, the commonest method for the fitting of
stress relaxation curves in the nonlinear region of mechanical
behaviour is one based on H'yushin's principal cubic theory.36

According to this theory, the relaxation modulus is fitted initially
in the linear region of viscoelasticity and then fitting involves the
introduction of yet another parameter and the employment of the
same memory function but with different parameters-the para-
meters of the relaxation curves in the nonlinear region. Another
procedure involves the employment of equations containing a
fractional power exponent of the time, the exponent being
assumed to depend on the degree of deformation 37 kept constant
during the relaxation process. A satisfactory agreement between
the experimental and calculated curves is achieved in both cases,
but the physical significance of the new parameters introduced is
not elucidated.

An approach to the description of the stress relaxation curves
in the nonlinear region with the aid of physically well-founded
parameters, entering into the memory functions presented above,
has been proposed.38 The essential feature of this fitting procedure
is as follows: we formulate an expression for the temperature
dependence of the rate constant

where &J is the pre-exponential factor and At/ the activation
energy for the interaction of the relaxators.

During the deformation of polymers, their free volume is
known to increase (in this case, the free volume is understood as
the 'empty volume', which represents the difference between the
true volume of the polymeric body and the van der Waals volume
of the atoms which they occupy in the polymeric body.39 On
pronounced deformation of solid (glassy and crystalline) poly-
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mers and on transition to the yield stress, the free volume increases
to a fairly large value, which facilitates significantly the jumps of
kinetic units from one position to another. This actually leads to
enforced elasticity, i.e. to enforced softening of the material. It has
been postulated 38 that the activation energy for the interaction of
relaxators decreases with increase in the mechanical stress a and
the rate constant for the interaction of the relaxators was
formulated as follows:

RT ')'
(27)

where ET is the relaxation modulus, Al/o the initial activation
energy for the interaction of the relaxators, ar = E^ the relaxing
stress, and S the fluctuation volume in which the elementary step
in the interaction of the relaxators takes place. Then

«(x)= 1 +
J

(28)

where k\ = fcj exp (-AU/RT).
The fitting procedure consists in the determination of the

value of S for which the function cp(<5), representing the sum of
squares of the deviations of the experimental values from the
calculated ones, is a minimum:

where n is the number of experimental points and Ea and En are
the values of the relaxation modulus calculated by Eqn (24) and
determined experimentally respectively. The calculations are
performed on a computer. The algorithm for the calculations
consists in the following steps: the relaxation moduli for the
experimental relaxation curves are introduced successively into
the computer in order of increasing deformations EO. Each curve
introduced, except the first, is compared with the curve which is
the average of the relaxation moduli derived from the curves
introduced previously. If each modulus for the same relaxation
time is smaller for the curve introduced than for the average curve
and the arithmetical mean of the relative deviations exceeds 10%,
it is assumed that such a curve refers to the nonlinear region of
mechanical behaviour. The parameters of the memory function
corresponding to the linear region are then calculated for the
average curve and the curve referring to the nonlinear region is
fitted on their basis.

The relaxation curves for polyoxadiazole have been fitted38 at
different temperatures and for different deformations. The results
of the calculations are presented in Table 6. In addition to the data
in Table 6, we may note that the rate constant fc* for the
interaction of the relaxators at both temperatures is 0.1 min~';
the values of P, (Sb/fowi) x 104, and rijr2 [the ratio of the
correlation coefficients for die memory functions T\(x) and ^ ( t )
in the nonlinear region of mechanical behaviour] at 21 and 170 °C
are respectively 7.2 and 5.2, 0.3 and 0.2, and 0.9991/0.9952 and
0.9981/0.9639. In curve fitting by the method of Askadskii and
Valetskii,38 the correlation coefficients at the temperatures indi-
cated are 0.9999 and 0.9997 respectively. Polyoxadiazole having
the following structure was investigated:

In terms of absolute magnitude, the correlation coefficients in
curve fitting by the above method 38 are appreciably greater and
much more stable than in fitting by the method of H'yushin.36

Temperature 21 °C

5
5.56
6.12
6.67

Temperature 170 °C

5.68

0.937
0.840
0.755
0.724

0.477

Table 6. The results of the fitting of the parameters of the memory
functions for POD in the linear and nonlinear regions of mechanical
behaviour.

i / k J m o l - ' M P a - '

0.9782
0.6274
0.9915
0.9864

0.9991

"The correlation coefficient obtained in fitting by the method of
Il'yushin.36

Furthermore, it was noted that the memory function Ti(z) fits the
relaxation curves for solid polymers in die linear region more
satisfactorily than die function T2(z).

We shall consider die results of die study of die relaxation
properties of a series of heat-resistant polymers using die memory
functions described above. The stress relaxation has been studied
in detail40 for two polymers-polyoxadiazole and polyimide.

Fig. 28 presents die time variations of die relaxation modulus
for POD and polyimide at 20 °C. The data corresponding to die

E, /GPa

2.75 •

2.25

1.75

2.5

2.0

1.5

1.0 12

0.5 20 40 f/min

Figure 28. Time variation of the relaxation modulus E, at 20 °C for
polyoxadiazole (a) and polyimide (b) in the linear (curve 7) and nonlinear
(curves 2-12) regions.
a: (1) single averaged relation;«(%): (2) 5.56; (3) 6.67; (4) 7.23; (5) 7.78; (<S)
8.33;
b: (7) single averaged relation;«(%): (2) 4.46; (5) 5.02; (-Q 5.56; (5) 6.82; (<S)
8.33; (7) 8.99; (8) 10.23; (9) 11.57; (70) 12.36; (77) 13.95; (72) 15.34.
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linear region of mechanical behaviour were averaged and a single
relaxation relation was obtained. A deviation from the average
relation towards a decrease in ET is observed at EO = 5.56% for
polyoxadiazole (Fig. 28a). In the range of EO from 1.7% to 5.0%,
linear mechanical behaviour is observed. In terms of this feature,
polyoxadiazole is superior to other known polymers, for which the
region of nonlinear behaviour begins at significantly smaller
deformations.

For polyimide, the deviations from linear mechanical behav-
iour are observed already at Eo = 4% (Fig. 286), while the region
of linear mechanical behaviour covers the range of eo from 1.7% to
3.4%, i.e. significantly shorter than the analogous range for
polyoxadiazole.

At higher temperatures, the range of deformations in the
region of linear behaviour becomes narrower but not uniformly.
Fig. 29 presents the temperature variation of the limiting defor-
mation Eiim, for which a linear viscoelastic behaviour is still
observed. For polyoxadiazole, enm is significantly greater than
for polyimide. A common feature of these polymers is a small
decrease in Eiim with increase in temperature and also the existence
of a region in which Eim, is independent of temperature after which,
as the glass transition temperature is approached, £iim decreases.

The results of the fitting of stress relaxation curves in the linear
region of viscoelastic behaviour are presented in Tables 7 and 8.

For the above polymers, the memory function ri(i) 'works'
best, its employment leading to a correlation coefficient close to
unity, i.e. the experimental and calculated values of ET are the
same. Curve fitting with the aid of the memory function TTRZ)
leads to a significantly smaller correlation coefficient. Since the
memory function !TI(T) describes the kinetics of the relaxation of
relaxators and their conversion into a nonrelaxing material while
the memory function 7/2(1) describes the kinetics of the diffusion
of these kinetic elements in the material, in the given instance the

0 100 200 300 r/°c
Figure 29. Temperature dependence of the limiting deformation £um up to
which linear viscoelastic behaviour is retained for PBO (curve 1) and
polyimide (curve 2).

rate of the relaxation process is limited by the rate of reaction of
the relaxators. The same conclusion has been reached41 in the
analysis of the relaxation behaviour of polybenzoxazole.

The results of the analysis in the form of parameters of the
relaxation process and the correlation coefficient r are presented
in Tables 9-11.

These data make it possible not only to follow the temperature
variation of the parameters of the relaxation processes but also to
reach definite conclusions about the changes in the process
mechanisms and about the relaxation transitions within the
temperature range of the glassy state. We shall therefore consider
them in greater detail.

We shall compare the values of all the parameters and the
correlation coefficients r when the memory functions ri(x) and
r3(i) are used. It can be readily shown (Tables 9 and 10) that all

Table 7. Kinetic parameters of the stress relaxation process for POD determined using the memory functions T\(x) and Ti(x).

r/°c

20
70

120
170
220
270
300

Function 7*i

EQ /GPa

2.9144
2.7504
2.6444
2.6049
2.5228
2.7575
1.8074

(x)

m,/tB

So

1265
1660
1670
1617

10945
299728

272

r

0.9976
0.9931
0.9996
0.9966
0.9960
0.9986
0.9934

P

0.4
0.8
0.4
0.6
0.2
0.2
0.3

102ifc*
/ m i n " 1

1
1
1
1
0.1
0.001
1

n

3.50
2.25
3.50
2.67
6.00
6.00
4.33

Function r 2 ( t ) a

Eo /GPa

2.6158
2.5313
2.4394
2.3929
2.2933
2.2376
0.9532

"12*8
So

428
631
579
601
613
175
52

r

0.9843
0.9627
0.9888
0.9753
0.9946
0.9903
0.9762

"At 220 °C, the parameter a was 40.3, whilst at the remaining temperatures it was 0.05; the parameter y = 0.5 at all temperatures.

Tabk 8. Kinetic parameters of the stress relaxation process for polyimide determined using the memory functions 7I(T) and Ti{x).

r/°c Function Tj(x)

£b/GPa
So /min"

Function T2(r)'

£o/GPa
m2kB

20
70

120

3.3259
3.1109
3.2992

694
608
83

0.9999
0.9998
0.9856

0.6
0.3
0.2 10

2.70
4.30
6.00

170
220
270
320

2.9620
3.0221
2.9483
4.6264

10375
727
493

33

0.9974
0.9934
0.9973
0.9988

0.2
0.5
0.8
0.2

0.1
1
1

10

6.00
3.00
2.25
6.00

2.6984
2.4561
2.5816
2.6770
2.4791
2.1603
2.1391

223
172
249
583
233
149
60

0.9846
0.9928
0.9473
0.9925
0.9720
0.9724
0.9575

•At 220 °C, the parameter a was 40.3, whilst at the remaining temperatures it was 0.05; the parameter y = 0.5 at all temperatures.
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Table 9. Parameters of the memory function TI(T) for PBO.

r/°c

22
100
125
150
175
200
210
220
230

Table 10.

77°C

22
100
125
150
175
200
210
220
230

Table 11.

77°C

22
100
125
150
175
200
210
220
230

£b/MPa

2574
2336
1986
1829
2007
2476
2361
2522

834

102it*
/min"

1
1
1
1

0.1
0.1
1
1
1

n

4.33
6.00
6.00
6.00
6.00
2.25
6.00
2.25
2.25

Parameters of the memory function

£b/MPa

2562
2330
1981
1838
1999
2440
2361
2412

796

102**
/min"

1
1
1
1
0.1
0.1
1
1
1

n
-l

4.33
6.00
6.00
6.00
6.00
2.25
6.00
2.25
2.25

Parameters of the memory function

£b/MPa

2348
2184
1857
1673
1520
1438
1304
1060
332

a

0.0403
0.0403
0.0306
0.0306
0.0209
0.0306
0.0403
0.050
0.050

ro,fcB

"

1533
1975
2118
1517
4520
2462
286
230
222

7,(1) for PBO.

m3kt

o
"0

1605
2047
2194
1524
3508
2513

292
236
224

7-2(T)forPBO.

m2kB

So

770
826

1565
1049
616
137
71
42
38

Note. The parameter y was 0.05 at all temperatures.

r

0.999
0.999
0.998
0.995
0.998
0.999
0.999
0.996
0.998

r

0.999
0.999
0.998
0.995
0.998
0.999
0.999
0.996
0.998

r

0.989
0.987
0.997
0.999
0.997
0.997
0.990
0.974
0.978

the parameters and the values of r determined with the aid of the
memory functions T\(x) and Ti(i) are virtually the same. We may
recall that the memory function T\(x) was obtained in the analysis
of a unilateral nth order reaction of the relaxators, while the
memory function T3(x) was found taking into account the
reversible interaction. Consequently, when account is taken of
the impossibility of the interconversion of relaxators and non-
relaxators, there is no appreciable change in the process kinetics at
least for the times t during which the experiment was performed
(up to 6 h). This conclusion is in full agreement with the analogous
conclusion in another study.35

It is seen from the tables that the correlation coefficients r are
very large and approach unity when the memory function 7"I(T) or
T3(T) is employed. When the memory function ^(t ) is used
(Table 11), the correlation coefficients are significantly lower in
the range of comparatively low and high temperatures than the
values of r obtained with the aid of the functions T\(x) and T3{x).
In the range of moderate temperatures (from 125 to 200 °C), the
correlation coefficients are very high when the function ^(t ) is

employed [approximately the same as those obtained with the aid
of the functions 7"I(T) and T3(x)]. Hence one may conclude (from
the standpoints considered) that in the temperature ranges
22-100 °C and 210-230 °C the rate-limiting stage of the stress
relaxation process is the interaction of the relaxators and their
conversion into a nonrelaxing material.

In the temperature range 125-200 °C, the rates of interaction
and diffusion of the kinetic units become comparable, as a result
of which the relaxation process is described with approximately
the same accuracy by all the memory functions. One may note that
the correlation coefficients r obtained when the memory function
T2(x) is used becomes actually higher than the value of r obtained
with the aid of the T\(x) and T3(x) memory functions. This
temperature range, in which both mechanisms operate at equal
rates, is transitional. The occurrence of a distinct relaxation
transition in this temperature range for PBO has been
described;4 for example, the temperature variation of ac for PBO
has a characteristic form (Fig. 7): along the first section in the
range 22-100 °C, the critical stress depends only slightly on
temperature, in the range 100-200 °C, a sharp decrease in oc is
observed, while in the range 200-230 °C the decrease becomes
less marked.

In the region of the Tss transition, the mechanism of the
relaxation process changes (Tables 9-11). The rate constant for
the interaction of relaxators increases in this range, but the
number of relaxators m\ increases and there is also a sharp
increase in the number of kinetic units »«2 participating in the
diffusion process. As a result of all these factors, the rates of
interaction of the relaxators and of the diffusion of kinetic
elements become comparable. With increase in temperature, the
rate of interaction of the relaxators increases while the number of
relaxators becomes small and changes only slightly with increase
in temperature. The same may be said also about the diffusion
process.

Another example of the application of the above approach to
the analysis of the relaxation behaviour of polymers is the study of
the relaxation processes of polyketones subjected to hydrostatic
extrusion.42

Numerous aromatic polyketones, including cardo-polyke-
tones, have now been described. These polymers are amorphous
or partly crystalline and they are preformed by injection moulding
or by pressing. The principal physicomechanical parameters of the
polymers are regulated by varying the parameters of the syn-
thesis.43

The possibilities for regulating the structures and properties of
these polymers by mechanical treatment have been investi-
gated.42-44 One of the promising methods for such treatment is
hydrostatic extrusion, which makes it possible to achieve large
plastic deformations of the polymers without disruption.

The results of studies of the hydroextrusion process and the
structures and physicomechanical properties of the extruded
materials — poly(aryl ether ketone) (PAEKN) and poly(aryl
ether ketone) based on phenolphthalein (PAEKP) — have been
published.42

PAEKN

PAEKP

The polymers were synthesised by nucleophilic substitution of an
activated aromatic halogen.
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Table 12.

X

PAEKN

1.0
2.2
2.4
2.8
2.5

PAEKP

1.0
1.8
2.6
1.8
2.6
4.0
6.0
1.8
2.6
6.0

Parameters of the memory functions 7"I(T) and

r/°c

20
20
20

215

170
170
180
180
180
180
190
190
190

Function T\(-c)

r

0.993
0.999
0.991
0.990

0.950
0.993
0.965
0.982
0.982
0.997
0.993
0.994
0.929
0.947

in—2 «•
1U OQ

/MPa

2
2.8
3.3
3.4

0.70
1.38
1.35
0.78
1.00
1.66
2.14
1.17
0.87
1.64

2

/MPa

0.7
1.3
1.8
2.3

1.29
0.79
0.72
0.44
0.66
0.67
1.33
0.57
0.55
0.93

Ti(i) obtained in fitting the experimental a(t) relations for PAEKN and PAEKP.

/min""1

0.1
1.0
1.0
0.001

1.0
1.0
1.0

10.0
10.0
0.01

10.0
0.01

10.0
100

n

6.0
6.6
4.3
2.25

6.0
4.3
6.0
6.0
3.5
3.0
4.3
1.0
6.0
6.0

m;tB

So

1.59
1.888
2.27
3.17

0.35
2.34
2.13
2.27
2.28
1.68
2.64
1.93
2.67
2.33

Function

T

0.992
0.994
0.981
0.974

0.945
0.991
0.981
0.967
0.962
0.988
0.978
0.978
0.933
0.907

10 2

/MPa

1.5
2.1
2.5
3.1

0.62
1.13
1.09
0.66
0.80
1.35
1.69
0.98
0.71
1.14

10 2

/MPa

1.1
1.4
1.9
2.8

0.54
0.90
0.87
0.56
0.66
1.07
1.35
0.81
0.57
0.91

Kfia

6
4
5
4

5
4

10
4
5
4
5
4
4
5

102

4
5
5
5

4
5
3
5
5
5
5
5
5
5

m'2kB

So

3.50
3.17
4.03

10.25

8.19
5.00
5.00
6.55
5.58
4.88
4.95
5.81
4.98
4.96

Note. For the memory function T\ (T), the quantity k* is proportional to the rate constant for the interaction of the relaxators; the time-dependent factor of
the memory functions, mika/So and m^k^jSo, are proportional to the number of microheterogeneities in the specimen.

The stress relaxation curves were determined for the initial and
hydroextruded specimens, hydroextrusion being performed up to
different degrees of extension X and at different temperatures Te

(however, always below the glass transition temperature Tg).
For a detailed description of the kinetics of the relaxation

processes, the a(t) relations were fitted with the aid of the memory
functions 7*I(T) and 7*2(T). These memory functions were also used
to characterise the relaxation properties of an aromatic polyke-
tone based on isophthalic and terephthalic acids.11 The results of
the calculations are presented in Table 12.

Analysis of the parameters of the above memory functions
shows that the Boltzmann equation with the memory function
Ti (T) reproduces best the course of the stress relaxation, although
in a number of instances the correlation coefficient r is also fairly
close to unity when the memory function Ti{x) is used. With
increase in A the quantities ffo and am as a rule increase. The most
significant increase in a0 and <rx is characteristic of extruded
PAEKN specimens, which have a semi-crystalline structure. The
increase in m\k^lSo, observed for the deformed polymer, indicates
an increase in the number of relaxators in the material, the rate of
interaction of which in the extruded specimens is on the whole
higher than in the cast materials. This is entirely reasonable
provided that the relaxators are understood as different kinds of
microheterogeneities, which are converted into nonrelaxing struc-
tures faster the higher the level of the internal stresses (the latter
naturally increases on deformation).

Thus hydroextrusion improves the elastic and relaxation
characteristics of aromatic polyketones. In this sense, the most
promising material is PAEKN, which is capable of undergoing a
structural transition from the amorphous to a partially semi-
crystalline modification during the deformation process.

IV. Low-temperature relaxation processes and
transitions in heat-resistant polymers
Much attention is devoted nowadays to the analysis of the
mechanisms of the relaxation transitions in aromatic polymers,
because these transitions influence significantly the macroscopic
properties, which depend on the mobility of the structural

elements. Questions of both methodological (methods used for
the measurements, the presence of impurities in the monomers
analysed) and structural (deliberate alteration of the chemical
structure of the repeat unit in the macromolecule for a more clear-
cut identification of the mechanisms of the transitions) natures
arise in such an analysis. In the dynamic mechanical analysis of
heat-resistant aromatic polymers, it is necessary to take into
account the fact that many of them contain highly polar groups
capable of retaining firmly the solvent with which they are in
contact either during synthesis or during the preparation of film
materials from solution. The presence of residual solvent pro-
motes the appearance of additional losses and failure to take this
into account may lead to erroneous interpretations of the transi-
tion mechanism.

The low-temperature relaxation transitions in heat-resistant
polymers have been investigated by numerous workers.45"61

Attention was especially concentrated on the temperatures and
mechanism of the P-transition. The mechanism of the P-transition
has been associated with loss of water in the case of polyimides 46

and, in another study,47 with the interplanar slip in the crystalline
regions.

The influence of residual solvents and moisture on the nature
of the relaxation transitions has been studied in detail51-52 in
relation to the polyimide obtained from naphthalene-1,4,5,8-
tetracarboxylic acid and anilinephthalein. The diffuse maxima of
the loss factor tan 8, which appear on the plot of temperature
variation of tan S for this polyimide, are smoothed out on heat
treatment, which eliminates moisture and residual solvents.

It is sometimes assumed that hinge atoms or groups, posi-
tioned between aromatic rings, are responsible for the relaxation
transitions in aromatic polymers. In order to answer more exactly
the questions of the influence of such groups, a specially
synthesised series of polyarylenephthalides have been investi-
gated.51 In this series, polyesters are replaced by polyethers and
further by polyphenylenes (Table 13). In other words, particular
hinge groups are 'taken away' in succession from the polymers as
far as the complete elimination of all types of such groups.

Fig. 30 presents the temperature variations of E' and tan d for
a series of such polyheteroarylenes (polymers 1-3 in Table 13).
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Table 13. The chemical structures and ̂ -relaxation and glass transition temperatures for a series of heat-treated heat-resistant polymer films.

Com- Formula
pound of polymer unit

7> fC* Frequency Tt /°C Frequency
atrB/Hz atrg/Hz

10

11

12

^

-o-co—

Me X = /

-CO-OCH2CH2O—

-96

-93

-75

-67

-70

-70

-76

-82

-70

-46

107

104

104

111

92

88

99

115

87

133

88

-120 119

420

340

255

330

254

227

90

79

270 85

74

305 75

64

64

76

177 99

74

145 103

76

a Temperature at the /i-peak maximum.
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Figure 30. Temperature dependences of E? (curves 1 -3) and tan S (curves 4-6) for the initial (a) and heated (b) films of a series of polyheteroarylenes.
Number of compounds in Table 13; (1) and (4), 1; (2) and (5) 2; (3) and (<5) 3.

Two principal sections may be seen on the temperature variation
of the storage modulus £f. The loss factor maxima at — 96, —93,
and - 75 °C for the heated polymer 1,2, and 3 films and at -100,
—95, and — 80 °C for the initial films correspond respectively to a
sharp decrease in the storage modulus. Thus, both in the presence
and absence of hinge atoms and groups in the main chain, the
P-transition is manifested for all the polymers in approximately
the same range of temperatures. Consequently, these hinge groups
are not responsible for the P-transition.

For all the polymers 1-3, intense loss factor peaks are
observed in the intermediate range - 30 to 200 °C. Heat treat-
ment at Te for each polymer smoothes out these peaks to a large
extent for polymers 1 and 2, but does not affect appreciably their
intensity for polymer 3, containing a highly polar ester group in
the main chain. The increase in the polarity of the polymer for the
series of bridges between aromatic rings —, — O —, — COO—
leads to an increase in the intensity of the intermediate peaks and
influences significantly the relative height of the p-peak. Whereas
for the heat-treated polymer 1 and 2 films the increase in the
intensity of the P-process is caused mainly by the removal of the
residual water and the solvent, for polymer 3, with an ester group
in the backbone, this is apparently associated with the redistribu-
tion of the intermolecular interactions, limiting the movement of
the segments of the chain responsible for the low-temperature
transition. Furthermore, the presence of a highly polar ester group
in the main chain of polymer 3 intensifies the intermolecular
interaction, expanding greatly the region of P-relaxation towards
higher temperatures. For polymer 2, containing an ether group in
the main chain, this effect is much weaker. The introduction of the
polar groups — O — and — COO — into the main chain lowers the
glass transition temperature from 420 to 270 and 340 °C for
polymers 2 and 3 respectively.

Thus the introduction of ether and ester groups into the main
chain of the polymer expands and displaces the maximum of the
P-peak towards higher temperatures, on the one hand, but reduces
the glass transition temperature, on the other. The contributions
of the — O— and —COO— groups to the shift are then directly
opposed in relation to the p- and a-transitions.

It may be postulated that the limited rotation of the phenylene
groups relative to collinear bonds is responsible for the
P-relaxation. However, the observed behaviour cannot be
accounted for by this simple mechanism. Indeed, since the hinge
atoms and groups facilitate the movement of the phenylene rings
(this leads to an increase in the flexibility of the chain and a
decrease in rg), the temperature of the P-transition should be
lowered on introduction of the hinge groups. In fact, it increases
(Fig. 30 and Table 13).

In the analysis of the mechanism of the p-transition, it is
essential to take into account the fact that the polymer in the
glassy state consists of a complex system of interacting macro-
molecules responsible for the existence of regions with different
degrees of order and for the relaxation transitions in the main
chain of the polymer. From this standpoint, the P-relaxation
transition may be accounted for by the freeing of the mobility of
large chain segments in the least ordered regions. With increase in
temperature, the movement in the more ordered (or more cross-
linked as a result of the impurities present in the polymers) regions
is freed, such movement being characterised by a higher activation
energy necessary to overcome the intermolecular interaction
forces. On vitrification, the most ordered and cross-linked
segments of the chain are freed. The relative contribution of the
polymer chain segments ordered in different ways, taking into
account intermolecular interaction, to the overall process involv-
ing the freeing of mobility may be determined, for example, in
terms of the dynamic loss modulus. The presence of the crystalline
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phase in the polymer expands the number of regions with different
types of order in chain segments on the assumption that additional
energy scattering mechanisms arise. The distribution spectrum of
regions with differently ordered chain segments is determined
primarily by the specific chemical structure of the chain, the
molecular mass distribution, the presence of branches, the
impurities present in the polymer, the method of preparation of
the test specimen, and also the test conditions.

Even if the hinge atoms and groups are absent from the
aromatic polymer, ^-relaxation is nevertheless manifested.
Hence follows the unambiguous conclusion that these are not
the groups responsible for the ^-transition.

Most investigators associate the mechanism of P-relaxation
with the freeing of the molecular mobility of the aromatic
rings.48"59 Approximately the same conclusion was reached by
Eisenberg and Cavrol.62 The results obtained in their study by
means of dynamic mechanical analysis indicate that the
(3-transition in polyimides is associated with the rotation of rigid
p-phenylene segments and the imide groups around the hinges.
However, the authors 62 believe that the p-transition is manifested
by a broad maximum at a positive temperature lower than the
glass transition temperature.

The acoustic properties of poly(phenylene sulfide) have been
investigated.63 The p-relaxation in this polymer was observed in
the temperature range from 193 to 223 K for an amorphous
specimen (judging from the temperature variations of the mechan-
ical loss factor). According to the ideas of Lukashov et al.,63 the
P-relaxation is associated with the vibrational motion of the
phenylene groups in the main chain of the polymer. In the region
of a-relaxation, poly(phenylene sulfide) exhibits two transitions
due to the freeing of the segmental mobility at two levels of the
supermolecular organisation of the polymer. Annealing of the
polymer leads to an increase in the transition temperatures in the
P-relaxation region.

The influence of flexible alkoxy-groups of different length,
located in repeat units of rigid-chain polyesters, on the viscoelastic
behaviour of these systems has been investigated.64 The results of
dynamic mechanical analysis have shown that these polymers
have a complex relaxation spectrum. In order to explain the
observed spectrum, the authors resort to the concept of different
kinds of molecular motion in combination with structural
rearrangements on heating. In certain cases, properties typical of
liquid-crystal systems were observed.

The relation between the structure and relaxation properties
of copolymeric poly(arylene ether ketones) has been investi-
gated.63 Different copolymers were synthesised by the partial
substitution of hydroquinone in the polyetherketone by resorci-
nol or hexafiuorobisphenol A. In the former case, the dynamic
viscosity and the storage modulus for copolymers with a low
resorcinol content increased with increase in temperature. The
copolymers with a high content of resorcinol residues did not
exhibit such unusual behaviour.

The thermal and thermooxidative stabilities, the coefficient of
thermal expansion, the glass transition temperature, and the
dielectric properties have been investigated in detail for the
polyimide having the following structure:66

the glass transition temperature of this polymer is ~287 °C, its
coefficient of thermal expansion is 6.98 x 106 K~', and the
dielectric constant of films, measured after ageing at 50%
humidity, amounts to 2.8-2.9 in the frequency range from
0.1 kHz to 1 MHz.

Relaxation properties have also been investigated for oriented
systems (fibres and films) obtained from heat-resistant polymers.

The relation between structure and mechanical properties for
highly modular fibres of poly[2,5(6)benzoxazole] has been inves-
tigated.67 It was found that the modulus of elasticity of the fibres
increases from 91 to 133 GPa as a result of treatment of the fibre at
525 °C, while the deformation at break falls from 4.3% to 2.0%;
the strength of the fibre remains unchanged under these condi-
tions and is above 2.1 GPa. The increase in the modulus is
attributed to the development of three-dimensional crystalline
order in the fibre.

About all the technologically important fibres are manufac-
tured from linear heat-resistant polymers, such as polyimides,
polyoxadiazoles, aromatic polyamides, etc. The modulus and
strength of such fibres, measured along the fibre axis, are
determined by the strength of the covalent bonds in the chains of
these polymers. It has been suggested 68 that the reduced strength
and modulus at right angles to the fibre axis are associated with
the weak (compared with chemical bonding) intermolecular
interaction involving the formation of hydrogen bonds and
dipole-dipole and dispersion interactions arising between the
polymer chains in the fibre. An increase in compressive strength in
the fibres may be achieved by cross-linking the macromolecules.
The authors 68> 69 therefore prepared and characterised three linear
polymers with two conjugated triple bonds in each repeat unit:

- -C=C—CH2-

4-CssC—CH2—O—P

O—CH2-C=C- -

The third polymer — poly(dipropargyl terephthalate) —
crystallises in the solid state on precipitation with water. The
crystallisation is in this case the initial stage of the cross-linking
process. Thus self-cross-linking fibres may be obtained by a wet
method.

The dynamic mechanical properties and relaxation transitions
of the new thermoplastic polyimide

have been studied.70 The polyimide films were investigated
directly after casting and after zone stretching in order to increase
the degree of orientation.71"73 The zone stretching of the
polyimide leads to an increase in the modulus of elasticity over
the entire temperature range investigated and is accompanied by
an increase in the glass transition temperature and a decrease in
the mechanical loss factor.70

The birefringence of fibres based on heat-resistant polymers
has been studied.74"79 A critical analysis of the results has been
published.80

The influence of the thickness of the coating on the orientation
of the chains and the order in polyimides has been investigated.81

It was found by X-ray diffraction that substrate prepared poly-
imide films are oriented in such a way that the polyimide chains
are preferentially arranged within the plane of the film. The degree
of orientation then increases with increase in the content of the
rigid polyimide, for example of the kind:
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With increase in the thickness of the film, the average degree of
orientation falls and the coefficient of volume expansion
increases.

The strength and relaxation properties under stretching and
compression conditions have been investigated for fibres based on
poly-p-phenylenebenzobisoxazole and poly-p-phenylenetereph-
thalamide.82

V. The mechanism of the relaxation processes in
heat-resistant polymers
The question of the mechanism of the relaxation processes arising
on deformation of glassy polymers has attracted constant atten-
tion of investigators. The question of the possibility of compar-
atively large deformations in heat-resistant aromatic polymers has
acquired particular interest, such a possibility of existing down to
the temperature of liquid helium.

The mechanism of the relaxation process involving the
viscoelastic strain recovery of a polyimide film after its prelimi-
nary deformation up to a specified elongation has been studied.83

The viscoelastic strain recovery curves (the time variations of the
deformation after the specimen has been freed) were fitted with the
aid of the memory functions T\(z) and ^ ( T ) .

The Boltzmann equation for the viscoelastic strain recovery
curves assumes the following form:

e(t) [ t

l-jr,
n

(T)dT

or

I = £ 0 1 -

(29)

(30)

where £o is the initial deformation at which the load is removed
and the shrinking process begins at a constant temperature.

The experiments were performed83 for a commercial PM
polyimide film, which was stretched under creep conditions up to
the deformation eo = 10%. The load was then removed and the
contraction of the specimen was measured.

The fitting of the strain recovery curves by Eqns (29) and (30)
demonstrated83 that these curves are best fitted with the aid of the
memory function T\(x) (Table 14). Consequently, from the
standpoints considered, the relaxation process in the shrinkage
of the specimen after loading is limited by the stage involving the
interaction of the relaxators. The rate constant is then small
(Table 14). When a load is applied at an elevated temperature,
the quantity k^n*/So is significantly greater than at room
temperature.

If the mechanism of the relaxation processes described above
is indeed associated with the formation and redistribution of
microheterogeneities in the polymeric material, then analysis of
positron annihilation in the relaxing specimen may provide an
experimental confirmation of this mechanism, because it is
precisely with the aid of this method that one can estimate the
volumes and nature of the microcavities having dimensions
comparable to or somewhat exceeding those of the repeat units
of the heat-resistant polymers. The authors 83 therefore measured
the annihilation spectra in both the initial polyimide specimen and
in the prestretched specimen and also during its contraction after
the removal of the load.

The measurements showed that the positron annihilation
process in the polyimide differs significantly from that usually
observed in the majority of polymers. The annihilation spectrum
in the polymers is characterised by the presence, as a rule, of three
or four components with average lifetimes from 10 ps to
4 ns.84~86 However, a different structure of the spectrum was
observed for the polyimide, which was found to have only one,
and short-lived, component with TO = 0.388 ns(Fig. 31). The time
distribution can be fitted satisfactorily by a single decay line, the
slope of which defines the average lifetime.

In AT

- 6 -

-10 -

Figure 31. Spectrum of positron lifetimes in the initial polyimide film;
N = number of counts in the channel.

The lifetime and the structure of the spectrum suggest that the
annihilation in the polyimide occur in the positron state without
the formation of a positronium atom of the kind characteristic of
metals and semiconductors with a high mobility of electrons and
an ordered crystal structure.

In this sense, the polyimide has an electronic structure unique
for polymers, characterised by a high degree of uniformity of the
electron density function.

In relation to interaction with positrons, the microstructure of
the initial (undeformed) polyimide film is defect-free. However,

Table 14. Parameters of the memory functions 7"I(T) and 7"2(T) for the polyimide PM film at preliminary load application temperatures of 20 and 200 °C.

r/°c

20
200

•*• was 0.1

Function T i W

r «(%)

0.984 26.648
0.980 20.559

s at both temperatures.

m,ifcB , m\kB

&0 &0

22.440 1.045 0.7
31.197 1.388 0.3

by = 0.5 at both temperatures.

Function T2(T)

r

0.848
0.887

b

£(%)

6.771

8.027

n,2jfcB (

o / s

So

118.045
92.598

So

1.266
2.652

a

0.0306
0.05
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Figure 32. The lifetimes and intensities of the components in the spectra
with polyimide the initial polyimide specimen (7) and polyimide specimens
subjected to preliminary extension, measured for strain recovery durations
of 1 h (2) and 24 h (3).

after deformation, the time aspects change (Fig. 32 and Table 15).
Instead of the one component in the deformed specimen, two
components are observed: with shorter (TI) and longer fa)
lifetimes. After strain recovery for 24 h at room temperature, an
increase in the lifetimes of both components and a decrease in the
intensity of the longer-lived one are observed. The nature of the
changes occurring suggest that a rearrangement of the super-
molecular structure of the polyimide occurs on deformation: the
intermolecular bonds are broken and microdefects — free
volumes sufficient to accommodate a positron — are formed.
For the long-lived component, the time T2 should reflect in this
case the changes in the average size, whilst the annihilation
intensity h should reflect the concentration of such defects.
Similar changes in the spectra have been observed on formation
and annealing of defects in metals and semiconductors. These
changes are usually analysed with the aid of the positron capture
model.87 The model reflects qualitatively well changes in the time
spectra of the polyimide during its deformation. The decrease in
the lifetime of the 'short' component, associated with the annihila-
tion in the defect-free part of the polymer, is due to the high rate of
capture in the deformed specimen. After the partial contraction
during the strain recovery process, the concentration of the defects
falls and the lifetime %\ approaches that characteristic of the initial
polymer. The intensity h for the long-lived component, formed as
a consequence of the annihilation of positrons on defects, also
decreases under these conditions. The quantities calculated from
the rate of capture spectra for the deformed and partially relaxed
specimens are presented in Table 15. The increase in the lifetime T2

can be accounted for by the coagulation (the combination of small
defects into larger ones) during strain recovery or by the rapid

Table 15. Characteristics of the positron annihilation spectra for poly-
imide film specimens.

Duration of
strain recovery
at20°C/h

T2 /PS 72(%) Rate of
capture

Initial specimen

385±5 -

Deformed specimen

1
24

294±30 440±17 59±5 0.60±0.15
361±10 531±30 9±2 0.12±0.05

relaxation of the small pores and hence by the increase in the
average capture radius.

The concentration of microdefects after partial relaxation falls
by a factor greater than 7, whereupon the free volume induced by
deformation diminishes, by a factor of 4.83 The values obtained
show that both processes take place — the fusion of the micro-
defects and the relaxation of the smallest defects — although the
intensity of the latter is apparently greater.

Thus a one component spectrum is characteristic of the initial
polyimide film. In the deformed specimen, at least two compo-
nents are observed in the time spectra and are associated with the
annihilation of positrons in the free state and the state correspond-
ing to trapping in micropores, which arise on extension. During
the relaxation of the structure, the lifetime increases and the
intensity of the annihilation of the defective component dimin-
ishes. The results obtained with the aid of the positron capture
model describe satisfactorily the observed changes in the time
distribution and suggest that the structure of the free volume
changes on relaxation not only as a result of the rapid recombina-
tion of the smallest pores but also as a consequence of the
recombination of small pores with formation of long-lived large
microcavities.

On the basis of the analysis, the following model of the
annihilation of positrons and the mechanism of the relaxation
process associated with the latter have been proposed:83 before
deformation, all the positrons are annihilated in the state
corresponding to their enclosure in small traps with a binding
energy slightly exceeding the thermal energy, while after deforma-
tion fairly extended regions appear (compared with the positron
diffusion length) in which the concentration of small traps
(~10 run in size) appreciably diminishes with the simultaneous
appearance of loosened regions with deep positron capture
centres, in which the positron lifetimes are longer; relaxation
takes place in such a way that the pores formed on deformation
recombine and in addition increase in size as a result of fusion.

Consequently, having measured the lifetime of the positrons,
it is possible to obtain data on the changes in the structure of the
unoccupied volume occurring after the deformation of the
polyimide film. However, in order to interpret the information
obtained, it is necessary to study in detail the nature of the
components of the complex annihilation time spectrum character-
istic of the nonequilibrium state of the polymer. The problem
formulated could not be solved with the aid of one of the positron
methods84-85 and for this reason a combined study has been
carried out88 of the annihilation of positrons in the deformed
polyimide by measuring the lifetime of the positrons and the
angular correlation of the annihilation emission.

Two series of experiments have been described.88 In the first
series, the polyimide film was subjected to uniaxial extension
deformation by 20 %. The film was then freed from the clamps and
was allowed to relax freely. The lifetime spectra were recorded on
a freely relaxing film at 1.5 h intervals. The parameters of the
angular correlations were determined at 1 h intervals for 24 h.

In the second series of experiments, the stress relaxation
process was investigated for the deformation EO = 20%. The
characteristics of the angular correlations were determined for a
film with fixed ends. The measurements were performed with the
aid of a device which made it possible to deform specimens directly
in the measuring chamber. At the same time the stress relaxation
curves themselves (time variation of the stress) were recorded
together with the strain recovery curves (time variation of the
deformation).

The positron lifetimes obtained from the spectra are presented
in Table 16 and in Fig. 33. In the structure of the time spectrum,
fitted by three components, changes were observed, after defor-
mation, in the annihilation characteristics, which then gradually
relaxed to those characteristic of the initial polyimide specimen.

Three components were differentiated: the lifetime of the first
short-lived (170-220 ps) component depended greatly on the
relaxation time; the lifetime of the second component
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Table 16. Variation of the annihilation characteristics of a polyimide film as a function of the duration of relaxation after 20% deformation.

Duration Lifetime Angular correlation

oi relaxation /s

Unannealed specimen

0
1
5

24
240

Annealed specimen

0

Tp /pS

365
360
368
362
364

368

Tl /pS

201
176
208
205
200

220

* ( % )

74.3
73.6
77.2
73.0
74.1

76.3

FWHM /mrad

10.44
10.77
10.60
10.48
10.43

_

Pi /mrad

10.49
—
—
10.64
10.72

Op /mrad

7.14
—
-
7.14
6.95

/P (%)

28.2
—
—
34.7
32.3

Note. TP, T i, and /2 are characteristics of the positron lifetime spectra quoted subject to errors of ± 1, ± 10, and ±1.5 respectively; FWHM is the full width at
half maximum of the overall spectrum quoted subject to an error of ±0.05; A is the FWHM for the first Gaussian quoted subject to an error of ±0.07; 0P

and /p are the characteristics of the parabolic component of the angular correlation spectrum quoted subject to errors of 0.07 and 1.5 respectively.

(388 ±10 ps) was independent or depended only slightly on the
state of the specimen, but appreciable changes in the intensity of
this component were observed; the characteristics of the third
component did not change during the experiment.

Experiments involving the measurement of the angular
correlation (together with the measurement of the lifetime of the
positrons) have also been performed.88 Being unable to analyse in
detail the results of these measurements we shall only note that, in
the experiments with fixed ends (under the conditions of stress
relaxation), an increase in the unoccupied volume after deforma-

FWHM /mrad

h (%)

76

72

15 f /h

Figure 33. Dependence of the characteristics of the positron lifetime
spectra on the relaxation time of a free polyimide film. For legend, see
Table 16.

tion and its subsequent slow relaxation, occurring as a result of the
decrease in the concentration of micropores, are well manifested.

Overall, the changes in the macroparameters and micropara-
meters of the polyimide films during the stress relaxation and
strain recovery processes after deformation have been revealed by
the positron diagnostic method. Nonmonotonic changes in the
characteristics of the positron lifetime spectra and the angular
correlations of the annihilation photons were observed during the
strain recovery period. Two regions corresponding to changes in
the positron-sensitive properties of the polyimide, associated with
rapid and slow relaxation processes, were differentiated and
differences were observed in the nature of the relaxation of the
microporous structure of the polymer as a function of the
deformation and strain recovery conditions. The observed effects
are due to the formation of regions with local freeing of the
molecular mobility.

All these experimental facts show that, during the stress
relaxation process, the microporous structure of the polymer is
rearranged, which is expressed by redistribution of the dimensions
of the micropores and their fusion with one another. In this
connection, it is of interest to compare the data obtained by the
positron diagnostic method with the results of curve fitting with
the aid of memory functions (Table 17). In the case of stress
relaxation in the linear region of the mechanical behaviour, the
correlation coefficient r, obtained using the memory function (19)
is close to the value found with the aid of the memory function (18)
and amounts to approximately unity. Consequently, the inter-
actions of the relaxators and the diffusion of the microheteroge-
neities in the specimen take placeat approximately the same rate.
The fluctuation volume 5 is 25.6 A3 per repeat unit of the polymer
on ~20% deformation.

Under the conditions of stress relaxation and the recovery of
the dimensions of the specimen, the quantities m^ks/So and
m^ks/So, proportional to the number of microheterogeneities in
the specimen, are approximately the same after the removal of the
load; on the other hand, m^ka/So > m\kajSo which indicates a
greater number of active microheterogeneities participating in
their diffusion in the material. The rate constant for the inter-
action of the relaxators in the case of stress relaxation is
significantly lower (in the linear region of mechanical behaviour)
than in the strain recovery relaxation process.

Since the concepts 'relaxator' and 'micropore' are compar-
able, one may conclude that the relaxation parameters obtained
are in good agreement with the microstructural characteristics
determined by the positron annihilation technique. During the
relaxation of a free film, more favourable conditions are created
for the diffusion of micropores and the formation of large and
stable packing defects.
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Table 17. Results of the fitting of the stress relaxation and strain recovery curves for polyimide film specimens using the memory functions 7"I(T) and 72(T).

Function 7"I(T)

£b/MPa Sb /min"1

Function r2(i)

Eo /MPa a /min

Stress relaxation

2600.7 10-"

Strain recovery

i o - 2

0.2 1.8410- 2.26 0.987 2177 0.0113 0.5 3.88 10" 3.79 0.993

0.7 2.3 1.8410-3 2.55 0.998 0.05 0.5 6.0-10-3 4.77 0.978

We shall now consider the results of a study designed to
analyse the mechanisms of the deformation and relaxation in heat-
resistant polymers capable of crystallising and of giving rise to a
liquid crystal state.

Wierschke et al.89 carried out a theoretical study of the moduli
for single poly-p-phenylenebenzobisthiazole chains. The study
was carried out by the molecular orbital method within the
framework of the AMI semiempirical approximation. As a result
of the investigation of rigid-chain polymers containing different
heteroatoms in the repeat unit, it was found that the charge
distribution and the nature of the bonds change on deformation.
The moduli of elasticity of the chains obtained in this way were
found to be greater than the quantities measured for the real
materials. This is attributed both to the presence of heterogeneities
in them and to the inadequacies of the computational method
itself, which systematically predicts unduly high moduli. These
have been mentioned by Shoemaker et al.90 The results of the
study by Wierschke et al.89 permit a comparative analysis of the
influence of the chemical structure of heat-resistant polymers on
the rigidity of their chains and their mechanical properties.

The moduli of elasticity of the crystalline regions were
measured by X-ray diffraction for poly(ether ketone), poly(ether
ketone), and poly(p-phenylene sulfide).91 This permitted a further
study of the way in which the mechanical properties are related to
the conformation of molecular chains and also to the inter-
molecular interaction in these polymers.

The crystallisation and morphology (which depends on the
content of the meta- and /wva-isomers) of poly(aryl ketone
ketones) have been investigated.92 The poly(aryl ketone ketones)
were synthesised from diphenyl ether and terephthalic and
isophthalic acids. The polymers of this type have two different
crystal structures. The addition of the meta-isomer diminishes the
equilibrium melting point and the rate of crystallisation but
increases the flexibility of the chains and the capacity for
recrystallisation.

The transition in the crystal phase of the thermoplastic
polymer with TB = 216 °C93

has been investigated.94 It was shown that this polyimide is semi-
crystalline and may contain one or two crystalline phases. The
mechanical properties of the polyimide films depend significantly
on the type and level of crystallinity. Crystallinity promotes a
significant increase in the modulus compared with the amorphous
polymer, but reduces the capacity for deformation. Its extensive
strength depends on the crystal form.

The mechanical properties of different heat-resistant polymers
have been studied.95"100 Among many heterocyclic polyethers,
poly(arylene ether benzimidazole) exhibits the greatest strength.
This was demonstrated by tests on nonoriented films of this
material.101 The influence of molecular mass on the mechanical
properties of heat-resistant polymers

synthesised from l,3-bis(4-fluorobenzoyl)benzene and 5,5'-bis-
[2(4-hydroxyphenyl)-benzimidazole], has been investigated.102

With decrease in molecular mass, the glass transition temperature
and the temperature corresponding to 5% weight loss also
diminish. However, the molecular mass does not influence (in
the range investigated) the strength of these films and their moduli
of elasticity.

Information about the structures and properties of rigid-chain
aromatic polymers in the liquid-crystalline state may be found in a
review.103 Among other investigations in this field, we may
mention the study104 in which the mechanism of the plastic
deformation in thermoplastic and thermosetting polyimides and
their interpenetrating networks was studied.

VI. Networks, blends, and composites based on
heat-resistant polymers
Prepregs based on epoxy-resins have been investigated with the
aim of reducing brittleness.105 The prepregs were modified with
aromatic and heat-resistant thermoplastics. The epoxy-resins
include systems based on the diglycidyl ethers of bisphenol A
and bisphenol F, triglycidyl-p-aminophenol, and tetraglycidyldi-
aminophenylmethane. A poly(ether sulfone), polysulfone, and
polyimide were chosen as the modifying thermoplastics. It was
shown that the brittleness of the epoxy-resins and their relaxation
behaviour depend significantly on the type and amount of the
modifying agent. The results of dynamic mechanical analysis
showed that the modification has only an insignificant influence
on the shear modulus and the glass transition temperature. It is
noteworthy that, in explaining the results obtained for the initial
resins and the composites based on them, the authors105 did not
take into account the chemical interaction between the epoxy-
resin and the heat-resistant aromatic polymers.

Materials based on epoxy-resins, modified with different
amounts of a polyetherimide, have been obtained.106-107 The
mechanical properties of these materials have been studied in
detail.108 Attention was concentrated on the breakdown rigidity
and the rate of liberation of energy. These characteristics
increased with increasing content of the polyetherimide as the
modifying agent. The authors were able to attain a decrease in the
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brittleness of the materials by introducing the poly(ether imide).
Under these conditions, the mechanical behaviour is influenced
significantly by, for example, parameters such as the initial length
of the crack and phase separation processes. Different methods
for the reduction of the brittleness of epoxy-resins by the
introduction of a second component, which forms an indepen-
dent phase during the curing process, were proposed in this
connection.109"114

Mention may be made of yet another study115 in which the
relaxation behaviour of epoxy-resins with added polyetherimide
was investigated in detail by means of dynamic mechanical
analysis. It was found that the curing temperature and the
composition of the blend influence significantly the storage
modulus E', the loss modulus E" and the mechanical loss factor
tan 5 = E"/E'. The quantity E' depends only slightly under these
conditions on the content of the polyetherimide in the region of
the glassy state. The opposite behaviour occurs in the region of
transition from the glassy to the rubbery state: E' increases with
increasing content of the poly(ether imide) and the glass tempera-
ture shifts under these conditions to the high temperature region.
In the rubbery state, E' diminishes with increasing content of the
poly(ether imide), which indicates a decrease in the degree of
crosslinking. The loss factor tan 3 decreases with increasing
content of the polyetherimide and the tan S maximum shifts at
the same time towards higher temperatures with increasing curing
temperature. The presence of only one maximum indicates the
compatibility of the components.

In order to improve the compatibility of the components, one
may use a chemical reaction between them.'16 This possibility has
been implemented in relation to poly(ether ketones). Poly(ether
ketones) reacted with polycarbonate, affording the corresponding
block copolymers. Despite the fact that the initial components [the
poly(ether ketone) and the polycarbonate] were incompatible, the
block copolymers based on them were found to be homogeneous
and exhibited one a-transition. The moduli of elasticity of the
block copolymers were greater than those calculated assuming
additivity.

The preparation of blends of heat-resistant polymers with
thermoset resins is an effective procedure for improving the
mechanical properties of composites. Two approaches to the
improvement of the mechanical properties of composites have
been described.117"119 The first provides for the preparation of
'thermoplastic polymer-thermoset polymer alloys'. The second is
associated with the preparation of a system in which thin sheets of
heat-resistant thermoplastic polymers serve as spacers in the
initial composition with the thermoset polymer. The results of
the application of both approaches to the improvement of the
mechanical properties of composites have been published.120"122

The diglycidyl ether of resorcinol and polyimide oligomers with
the following terminal amino-groups were employed in the above
studies:

H2N

CF3

-to N - -

CH3

NH2.

The application of these approaches made it possible not only
to improve the mechanical properties of composites but also to
facilitate the performance of thermosetting systems.

Graphite-reinforced plastics based on the cyclophane resins

have been investigated.123 The structure of these resins gives rise to
a high thermal stability and glass transition temperature and
promotes effective cross-linking via their end groups. An effective
procedure for the improvement of the mechanical relaxation
properties involves also the preparation of semi-interpenetrating
polymer networks, in which the linear component is a copolymer
based on polyimide.124

Analysis of the results of the above studies shows that the most
promising ways of improving the mechanical properties of heat-
resistant polymers and of developing new types of the latter
consists in the synthesis of network systems comprising aromatic
oligomers, using, for example, the polycyclotrimerisation reac-
tion, and the preparation of networks with the aid of chemical
reactions between oligomers (for example, epoxy oligomers) and
heat-resistant aromatic polymers containing in the main chain
reactive groups, which can interact chemically with the reactive
groups of the oligomer. In certain cases, it is possible to obtain
satisfactory mechanical properties without the employment of
chemical reactions between the components of the blend. The
results of a series of studies, with which we shall deal briefly below,
confirm this conclusion. The mechanical behaviour of binary
blends of poly(ether sulfone) and poly(phenylene sulfide),125

poly(ether sulfone) and poly(ether ketones),126"130 poly(ether
ketone) and poly(ether imide),131'132 polyamidoimide and an
aromatic polyamide,133 polyimides with different types of chem-
ical structure,134-135 polybenzimidazole and polyimides,136"142

polybenzimidazole and polyarylate,143 and poly(ether ketones)
and poly(ether sulfone)144 has been investigated.

We shall consider in greater detail the results of a study14S in
which binary blends based on two aromatic polyamides
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NH--

—NH- ,

and three poly(ether sulfones)

were investigated.
Films made of blends of these polymers were obtained by

casting from solutions in iV.iV-dimethylacetamide and iV-methyl-
2-pyrrolidone. These films were investigated by dynamic mechan-
ical analysis, differential scanning calorimetry, and IR spectro-
scopy; the ultimate mechanical characteristics were also
measured. The principal result of this study was the observation
of crystallisation induced by the presence of the second compo-
nent, which entails an increase in the heat resistance of the
systems, particularly after their annealing. Test results were
achieved for blends based on compounds D and F. The initial
films, for example those prepared from polymers D and F-H,
were transparent, but after heat treatment they became opaque
and their quality improved.

Thermotropic liquid-crystalline polymers are used nowadays
to improve the mechanical properties of heat-resistant polymers.
One of the methods of preparation of composites with a high
strength and rigidity involves the blending of liquid-crystalline
polymers with thermoplastics. There have been fairly numerous
studies (see, for example, Refs 146-157) in which the improve-
ment of the mechanical properties of heat-resistant polymer
matrices was achieved by adding thermotropic liquid-crystalline
polymers to them. Among the heat-resistant polymers, such
studies have been performed for poly(ether ketone), poly(ether
imide), poly(phenylene sulfide), and polycarbonate. The phenom-
enon of synergism is characteristic of certain blends of the above
polymers and liquid-crystalline polymers.

A series of publications156"158 have been devoted to the
problem of mechanical anisotropy, which has been observed in
blends of liquid-crystalline polymers with heat-resistant aromatic
systems.

The studies 159~162 in which an approach to the preparation of
molecular composites was proposed are of significant interest. A
molecular composite consists of rigid-chain rod-like polymers,
introduced into a polymer matrix, which is made up of a flexible-
chain polymer with coiled macromolecules. The rigid-chain
macromolecules then serve as strengthening elements of the
composite. For example, a graft copolymer based on a rigid-

chain polybenzobisthiazole (main chain) and a polyetherketone
(side chain) has been synthesised.163

H3C

CH3

H3C

CH3

H

A detailed study of the relaxation properties of this system by
dynamic mechanical analysis has been described.164

In estimating the relaxation properties, it is important to take
into account the microphase separation process, which may occur
when thermoplastics are blended with thermosetting systems and
may also arise on hardening of the composite. The results of
studies109-165'166 in which composites based on blends of a
polyethersulfone with an epoxy resin are instructive in this
respect. Hardening results in the formation of a two-phase
system, which promotes an improvement in the mechanical
properties (a decrease in brittleness). Detailed measurements of
the enthalpy relaxation have been made for such systems. Subject
to a satisfactory fitting of the relaxation curves (for example, with
the aid of the Kohlrausch- Williams -Watts function), such
measurements can be used to predict the long-term behaviour of
polymeric materials under ageing conditions.

Another example of a combined investigation of the relaxa-
tion properties may be found in a study167 in which the behaviour
of a blend of the poly(ether sulfone)

and the polyimide

was investigated. These polymers are compatible and their
behaviour was investigated by differential scanning calorimetry,
dynamic mechanical analysis, and rheological methods. For a
polyimide content > 10% microphase layer separation occurred
and was manifested by a sharp alteration of the rheological
properties. The author also did not rule out the occurrence of a
cross-linking process, which may be superimposed on the micro-
phase layer-separation process.
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VII. Conclusion
Analysis of the results of relaxation measurements for heat-
resistant aromatic polymers permits a series of conclusions about
the characteristic features of their mechanical behaviour. One of
these conclusions, which at first sight may appear trivial, is that
heat-resistant aromatic polymers are capable of withstanding for
a long time much greater mechanical loads than traditional
plastics in the region of not only high but also moderate and low
temperatures. This conclusion is based on the results of measure-
ments of stress relaxation and creep, which show that both
processes are less marked than for the usual plastics. Therefore,
in creating constructional materials which can be used not only at
high but also at low temperatures and for large loads, preference
must be given to heat-resistant aromatic polymers. At the same
time, it has become evident that, in order to discover the
advantages of one set of polymers over others, relaxation
measurements are not only desirable but also essential.

One should bear in mind that, even within the class of heat-
resistant polymers itself, the structure of the latter has an
appreciable influence on their mechanical relaxation properties.
For example, in terms of critical stresses, polyimide is superior to
PBO; the rate of stress relaxation in polyimide is lower than in
PBO. On the other hand, in the range of comparatively low
temperatures, polyimide is inferior to PBO in terms of these
features.

In dynamic mechanical analysis, heat-resistant aromatic
polymers exhibit a series of relaxation transitions associated with
the freeing of the molecular mobility of individual groups and
segments. A study of the mechanism of these processes by
synthesising and investigating a series of polymers in which
different hinge atoms and groups are deliberately 'taken away'
demonstrated unambiguously that the [5-transition in these
polymers is associated with the freeing of the molecular mobility
of phenylene groups.

However, attention should be concentrated on the character-
istics of the mechanical behaviour of heat-resistant polymers,
which are manifested in the analysis of relaxation transitions
under the conditions of static measurements of stress relaxation
and creep. The essential feature of the transitions is that, within
the range of the glassy state at temperatures greatly below the glass
transition temperature, the relaxation processes are accelerated
sharply and the critical stresses are reduced. These transitions play
a significant role in an objective assessment of the mechanical
workability of polymers. If the polymer is designed for use at
variable temperatures and is to be subjected to appreciable
mechanical loads, then, on heating to the transition temperature,
the mechanical workability may be lost long before the glass
transition temperature. The occurrence of these transitions is
undoubtedly associated with the linearity of the mechanical
behaviour, whereupon appreciable deformations result in a
change of the relaxation parameters of the polymer.

Another characteristic feature of the relaxation behaviour of
aromatic heat-resistant polymers is that, over a fairly wide
temperature range within the region of the glassy state, the
parameters of the relaxation processes are relatively insensitive
to temperature. This temperature range confines the region of the
stable workability of the polymers and it is desirable to take it into
account when selecting a polymeric material for each specific task.

One of the significant features of the mechanical behaviour of
aromatic polymers is their ability to develop large deformations
(i.e. to undergo nonbrittle disruption) in the region of low and
ultra-low temperatures. Even at the temperature of liquid helium,
the deformation of aromatic polymers attains a large percentage
value and relaxation processes are also manifested at these
temperatures. Analysis of the mechanisms of deformation and
relaxation with the aid of the positron annihilation method has
shown (in relation to polyimide) that these polymers have a unique
electronic structure and a very narrow size distribution of their
pores. It may be that this is the cause of the surprising behaviour at

low temperatures. Aromatic polymers also have another signifi-
cant advantage over the usual ones (for example, Teflon) — they
are capable of withstanding an enormous number of thermocycles
over a temperature range from 200 °C to the temperature of liquid
nitrogen without loss of mechanical strength.

Finally, many aromatic polymers contain in their chains
functional groups (ester, amide, imide, etc. groups) capable of
interacting with the functional groups of thermoset oligomers and
of curing them. This property is used in creating composite
materials based on traditional polymers (for example, epoxy
resins), which are strengthened when heat-resistant polymers are
introduced into them and lose their brittleness.
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Abstract. The methods for the affinity modification of proteins,
specific to nucleic acids, by activated nucleic acid analogues and
their components, are considered. The active groups introduced
into proteins or nucleic acids and the symmetrical cross-Unking
agents used to obtain covalent protein-nucleic acid complexes
are listed. The methods for the analysis of covalently linked
protein-nucleic acid adducts as well as procedures for the
identification of the aminoacids in the protein participating in
the formation of bonds with nucleic acids are surveyed. The
bibliography includes 112 references.

I. Introduction
There are comparatively few methods which make it possible to
determine the groups in the protein participating in pro-
tein-nucleic acid recognition. The most accurate of these is
X-ray diffraction (XRD). However, owing to the poor resolution
of X-ray diffraction patterns, the difficulty of isolating sufficient
amounts of the protein, and also the differences between the
conformations of the macromolecules in solution and in the
crystal, this method has not found extensive application. Fur-
thermore, it is not always possible to obtain and isolate specific
complexes between proteins and DNA. There are also problems
associated with their crystallisation.

Site-specific mutagenesis and chemical modification of the
proteins also yield valuable information about the interaction of
proteins with nucleic acids, but such experiments require, at least
to a first approximation, the knowledge of location of the protein
region responsible for this process. A method which makes it
possible to identify this region is covalent attachment of proteins
to nucleic acids (NA).
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Numerous methods for the attachment of proteins to nucleic
acids are known at the present time. We have attempted to arrange
systematically the available literature data on this question. In our
view, the existing methods for the affinity modification of proteins
by nucleic acids can be divided into three groups:

- the attachment of proteins to nucleic acids by exposure to
different types of radiation;

- chemical methods for the covalent attachment of proteins to
nucleic acids;

- covalent attachment of nucleic acids to enzymes based on the
mechanisms of the functioning of the latter.

Nucleic acid analogues containing different active groups are
usually employed for the affinity modification of the protein. Such
groups may be introduced into heterocyclic bases and carbohyd-
rate residues via the terminal or internucleotide phosphate group
of the nucleic acid. So, to our mind it is necessary to concentrate
attention also on the approaches for the activation of nucleic acids
used in each of these methods for the covalent attachment of
proteins to nucleic acids.

In the concluding section of the review, the approaches to the
identification and isolation of covalent protein-nucleic acid
complexes and for the determination of the peptides in the
protein bound covalently to the nucleic acid are surveyed. The
possibilities for the application of the method involving the
covalent attachment of nucleic acid-specific proteins to nucleic
acids for the probing of the mechanisms of their interaction are
considered.

n. Covalent attachment of proteins to nucleic acids
by exposure to different types of radiation
1. Irradiation with UV light
When complexes between proteins and nucleic acids or their
analogues are irradiated with UV light, the side chains of the
protein become covalently attached to the heterocyclic base
residues closest to them (the so-called 'zero length cross-linking').

a. Irradiation of complexes between proteins and unmodified nucleic
acids with UV light
This method for covalent attachment is used in relation to a wide
range of biological systems: from cell nuclei up to isolated and
purified proteins in complexes with synthetic oligonucleotides.
The conditions for the irradiation of various systems in order to
obtain protein — nucleic acid complexes in the appropriate buffer
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solutions are surveyed in Table 1. It is seen from the data presented
that the irradiation time varies from 1 min to 4 h and the
wavelength is as a rule 254 nm. Under these conditions, the yield
of the conjugate varies from 0.1% to 70%. Owing to the complex-
ity of the system, in certain cases it was not possible to determine
the yield of the final conjugate, so that the stoichiometry of the
complexes is presented instead. It reflects the number of protein
molecules per DNA molecule or the number of base pairs of the
DNA bound covalently to one protein molecule.

On irradiation with UV light of a protein-nucleic acid
complex, the 5,6-double bond of the pyrimidines is excited,
which leads to its rupture; a biradical is formed at the 5,6-
positions in the pyrimidine ring and reacts with the side chains of
the protein.21 This reaction mechanism has been established in a
detailed study of the products of the irradiation of uracil in the
presence of cysteine (Scheme 1).

Scheme 1
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Compounds A, B, E, and F are formed on irradiation with
light at a wavelength > 290 nm in the presence of acetophenone,
which is a 'trap' for the radicals. It has been suggested that the
reaction is reversible. The product C is formed in solutions
containing free radical generators, for example oxygen or ribo-
flavin. The irradiation conditions depend on the energy required
for the formation of the radical: when the solution contains
oxygen, a wavelength of 254 nm is employed, while in the
presence of riboflavin the wavelength is 290 nm. Compound C is
probably obtained from E as the primary product. Compound D
is apparently formed similarly to C, via a free radical in the
5-position in uracil.22

At the present time, there is no unanimous view in the literature
concerning the mechanism of the covalent cross-linking of unmod-
ified nucleic acids with proteins on exposure to UV light. In a
number of studies, for example in that of Welsh and Cantor,21 it has
been suggested that such cross-linking is nonspecific and depends
not on the nature of the side chain of the aminoacid residue but on
the distance between it and the heterocycle. On the other hand,
other workers (see Refs 3, 22, and 23) noted the specificity of the
formation of the covalent cross-link in relation to definite amino-
acid residues, for example Ser, He, Thr, Arg, and Lys.

Saito et al.3 believe that, when complexes between proteins
and nucleic acids are irradiated with UV light, a cross-link is
formed between the thymine residue and the E-amino-group of
lysine. The deoxythimidine-L-Lys model system was used to
investigate this reaction (Scheme 2).

It was established that, on irradiation with light at a wave-
length > 280 nm, the adduct L-Lys-thymidine is not formed. On
exposure to UV light, thymidine also interacts with Arg. The
reaction involves the a-amino-group of Arg and not the guanidine
residue, i.e. Arg in the protein may react with thymidine on
irradiation only when it is N-terminal.

The method for the UV irradiation of proteins and nucleic acids
considered in this Section has its advantages and disadvantages.

Table 1. Conditions for the irradiation of complexes between proteins and unmodified nucleic acids and the yields of the reaction products.

Object Wavelength
/nm

Time
/min

Yield (%)
or stoichiometry
of the complex

Ref.

Chick erythrocyte nucleus
Nucleohistone
Calf thymus nucleosome
Cells from a D. melanogaster tissue culture
Trypanosoma brucei cells
E. coli RNA polymerase and DNA
E. coli RNA polymerase and phage T7 DNA
E. coli RNA polymerase and poly-d(AT)

<y-Factor off. coli RNA polymerase and phage M13
single-stranded DNA with an oligonucleotide primer

The protein snRNP and RNA
DNA polymerase and fragments of the phage 17

Ile-tRNA-synthetase and ATP
Replication protein A and single-stranded DNA
DNA-binding adenovirus protein and p(dT)i4
Human protein recognising d(GA)n and d(GT)n

repeats in DNA and d(GA)B

Guanidine-acetate methyltransferase and SAM d

DNA methyltransferase CheR from Salmonella
typhymirium and SAM

DNA methyltransferase Dam from E. coli and SAM
DNA methyltransferase Mcpl and SAM

• The yield calculated relative to the protein is indicated.b The yield is not indicated.c The yield calculated relative to DNA is indicated.
d5'-Adenosyl-L-methionine. "The yield calculated relative to SAM is indicated.

254
230-290
>250
not indicated
254
254
254
254

254

254
254

253.7
UV region
UV region
254

254
254

254
254

240
30
40
12
10
1-4
20-240
not indicated

20

30
not indicated

30-40
10
20
100

240
40

5-90
60

5 8 ' ^ o 0

seeb

seeb

see*
seeb

0.1
seeb

50 (protein: NA =
3:1,6: land 12:1)
25 c

seeb

protein: NA
from 3:1 to 10:1
protein: ATP = 6.7:1
seeb

20*
seeb

17-20"
60-70"

3-4e

seeb

1
2
3
4
5
6
7
8

9

10
11

12
13
14
15

16
17

18,19
20
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Scheme 2

HOOC NH2

OH
HOOC NH2

The former include the possibility of identifying the aminoacid
residue closest to the nucleic acid. However, the absence of a
covalent adduct after irradiation does not imply the absence of
contact between the nucleic acid and protein, since it may be that
the activation of the components of the complex by UV irradia-

tion is insufficient for the reaction to occur. A disadvantage of the
method is also the damage to the structure of the nucleic acid and
the protein for a high intensity and long duration of the irradia-
tion. Under these conditions, the mutations occurring in nucleic
acids interfere with the study of the conjugate (for example, owing
to a change in mobility in the gel). The inactivation of the protein,
which may occur either as a result of its breakdown on irradiation
or owing to covalent cross-linking, cannot serve as a test for the
formation of a protein-nucleic acid complex.

b. Irradiation with UV light of complexes of proteins with modified
nucleic acid analogues
The cross-Unking of proteins to photosensitive nucleic acid
analogues is used for the determination of the topology of nucleic
acid-protein complexes. Nucleic acids where a bromine atom or
the azido-group has been introduced in the 5-position in pyrimi-
dine bases and in the 8-position in the purine bases are used as
analogues of this kind.24 The above chemical groups are exposed
in the maior groove of the double helix. They do not induce a
significant change in its structure and do not prevent pro-
tein-nucleic acid recognition.

The conditions governing the cross-linking of the bromo- and
azido-substituted nucleic acid analogues to proteins are summa-
rised in Table 2. The table shows that the irradiation conditions
for the modified nucleic acid analogues are milder than for the
unmodified nucleic acids. The yields of the covalently bound

Table 2. Conditions for the irradiation of complexes between proteins and modified nucleic acid analogues and the yields of the reaction products.

Object Wave-length
/nm

Time
/min

Yield of complex Ref.

Restriction endonucleases EcoRl and
EcoKV and DNA duplex containing br5dU

lac repressor and oligonucleotide with Zac-operator
sequence containing br5dU

Matrix-binding polypeptide in the transcription
complex of pea choroplasts and DNA
containing br'dU

Protein of the bacteriophage R17 coat and RNA
containing br5dU

Transcription activator GCN4 from yeast and
DNA containing br5dU

Cyclic 3',5'-phosphate receptor protein and
E. coli DNA containing br5dU

Chromosomal protein of the archeobacteria MCI
and E. coli DNA containing br5dU

DNA methyltransferase EcoRY and DNA
containing 4-thiothymidine

DNA methyltransferase EcoRY and
DNA containing 6-thiodeoxyguanosine

Restriction endonuclease EcoRV and
DNA containing 4-thiothymidine

Restriction endonuclease EcoRY and
DNA containing 6-thiodeoxyguanosine

Terminal deoxynucleotidyltransferase and
40-membered DNA containing Nj5dU

DNA polymerase I and oligonucleotide
duplex containing N35dU

Carboxy-O-methyltransferase and 8-azido-SAM
E. coli RNA polymerase and N38dA
70S Ribosomes and tRNAphe of E. coli

containing 3-{JV-[JV-p-azidobenzoyl)glycyl]-
(3-amino-3-carboxypropyl)}uridine

Endonuclease V of phage T4 and 14-membered
DNA duplex containing 3-trifluoromethyl-3-
(p-carboxybenzoyl)diazirine

>300

300-400

300-315

312

254

300-400

300-400

>310

>310

>310

>310

302

302

254
254
UV region

1

20

20

3

1.5

not indicated

not indicated

10-12

10-12

10-12

10-12

1

2

15
8
2 - 3

0.05*

60 b

not indicated

20 a

2

70 b

20 b

18-35'

5-8»

6"

6*

40-50"

40b

42 b

not indicated
25

25

26,27

28

29

30

31

32

33

33

33

33

34

35

36
37
38

365 30 15" 39

* The yield calculated relative to the nucleic acid is indicated. b The yield calculated relative to the protein is indicated.
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protein-nucleic acid conjugates are fairly large and in certain
systems amount to 60%.

The introduction of photosensitive groups into a heterocyclic
base alters the reaction mechanism. Irradiation of the complexes
of bromo-substituted nucleic acid analogues with a protein is
accompanied by the loss of the bromine atom and the formation
of an unpaired electron in the S-position of the uracil residue,
which may react in different ways with the protein side chains,
giving rise to a covalent cross-link.21 The only condition for the
occurrence of such cross-linking is the proximity of the side chain
of the aminoacid residue and of the free radical. Wolfes et al.25

believe that the interaction of the bromine-containing substrates
with the Gly, Ser, Phe, Tyr, Trp, Cys, and Met residues, having
aliphatic chains or aromatic rings, as possible free radical
acceptors is most likely. The mechanism and specificity of this
reaction were not investigated in greater detail. Among the
advantages of the method considered one should mention the
high sensitivity of the modified nucleic acids to UV irradiation, as
a result of which the probability of mutations in the nucleic acids
and in the protein diminishes owing to the smaller intensity and
duration of the irradiation.

The azido-substituted nucleic acid analogues are even more
effective in the covalent binding reaction.40 In the case of nucleo-
side residues containing the azido-group in the 8-position in the
purine bases or in the S-position in the pyrimidine bases, the
mechanism of the formation of the covalently bound pro-
tein-nucleic acid complex is much more complicated. On irradia-
tion with UV light, the photochemical elimination of a nitrogen
atom results in the formation not of a radical but of a nitrene,
which may react nonselectively with the closest groups regardless
of their electrophilicity or nucleophilicity.37 An indirect demon-
stration of this mechanism has been achieved in a spectrophoto-
metric study of the consequences of the UV irradiation of
NaMUTP.40 After only 20 s, the maximum at 288 nm, corre-
sponding to the azido-derivative of dUTP, vanishes completely.
The decrease in absorption after photolysis indicates the rupture
of the conjugated ring system of the heterocyclic base (possibly as
a result of an intramolecular rearrangement initiated by the
formation of the nitrene).

The particular value of the azido-derivatives of nucleic acids
consists in the fact that the azido-group is fairly small and does not
prevent the formation of hydrogen bonds between the protein and
the nucleic acid. Furthermore, the introduction of the azido-group
in the S-position in the pyrimidine residues does not alter the anti-
conformation of the heterocyclic base of the nucleoside and only
induces a slight distortion of the nucleic acid structure.40-41 Reich
and Everett41 compared the kinetic parameters of the interaction
of the methyltransferase EcoRI with the cofactor SAM (5-ade-
nosinyl-L-methionine) and also its analogues containing the
azido-group in the 8-position of the heterocyclic base. It was
found that the constants for binding to the enzyme in the absence
of DNA are of the same order of magnitude for the native cofactor
and its azido-analogues, amounting to 4.8 and 12.9 uM respec-
tively. The catalytic constant (fcau) and the Michaelis-Menten
constant (AM) for SAM and 8-azido-SAM in ternary complexes
with the enzyme and with the 12-membered DNA duplex hardly
differ, amounting to 4.3 s - 1 and 0.335 uM for the native cofactor
and to 5.0 s - 1 and 0.710 uM respectively for the modified
compound. These results indicate the insignificant nature of the
changes in the structure of the nucleoside following the introduc-
tion of the azido-group. When acted upon by UV light, 8-azido-
SAM becomes covalently attached to the enzyme. The specificity
of the covalent attachment has been demonstrated by its inhibi-
tion on addition of the unmodified cofactor.41

Another advantage of the azido-derivatives is the fact that the
conversion of the azido-group into the nitrene occurs at a much
lower intensity of the UV light, which makes it possible to avoid

damage to DNA on irradiation. The initial rates of disruption of
the heterocycle on irradiation with UV light at a wavelength of
254 nm have been compared.40 It was established that a decrease
in maximum absorption for N3

5dUMP was 7000 times faster than
for dTTP and 1150 times faster than for br5dUMP. Thus the
azido-analogues are much more reactive in relation to proteins.
There are no data on the specificity of their action.

Thymidine and deoxyguanosine in which the keto-group has
been replaced by the thio-group have been tried as photosensitive
analogues of nucleosides.33 It was established that the DNA
duplexes modified in this way become covalently attached to
restriction-modification enzymes EcoRI and EcoKV (the condi-
tions for their irradiation are presented in Table 2). It was shown
in control experiments that the enzymes themselves retain fully
their activity after irradiation; the irradiation of enzymes with
unmodified DNA does not lead to the formation of covalently
bound adducts; incubation of the components of the complex
without irradiation also does not induce the formation of
conjugates.

By introducing 4-thiothymidine residues into genes coding for
5S rRNA and tRNAT*r of the yeast Saccharomyces cerevisiae, the
interaction of such DNA with transcription factors—TFIIIC and
TFIIIB — was investigated. It was shown that the modification
does not prevent the formation of noncovalent specific complexes
with the proteins considered. Photoattachment occurred after the
preincubation of the complexes on irradiation with UV light at a
wavelength of 300 nm for 15 min. The method made it possible to
identify the subunits of the transcription factors in contact with
particular regions of the transcribed DNA.42

The modification of mRNA and certain ribosomal RNA with
the 4-thiouridine residue has been used in the study of the
topography of ribosomes in early stages of the transcrip-
tion.43"48 It was shown that, in the transcription involving
T7-polymerase, 4-thiouridine triphosphate is incorporated in the
synthesised RNA strand in the same way as the unmodified
nucleoside triphosphates.43"48 When ribosomes containing the
modified components were irradiated with UV light at a wave-
length > 300 nm for 10 min, cross-links were formed between
mRNA and the ribosomal RNA43"47 as well as RNA-protein
cross-links. The ribosomal proteins bound covalently to a syn-
thetic analogue of mRNA containing the 4-thiouridine residue
have been identified.48 The method has been used to determine the
proteins spatially in close proximity to mRNA at different
transcription stages.

We shall consider two possible mechanisms of the reaction of
proteins with nucleic acids containing a 4-thiopyrimidine base: in
the presence of oxygen and in its absence.33 In the latter case, the
protein is attached to the C(6) atom of the pyrimidine ring with the
simultaneous reduction of the 5,6-double bond. The reaction
proceeds via a radical mechanism, which involves the elimination
of a hydrogen atom from 4-thiopyrimidine in the excited state.

In the presence of oxygen, the 4-thiopyrimidines in the nucleic
acid are oxidised to the corresponding 4-sulfonates, which are
highly reactive and are subjected to nucleophilic attack by the
aminoacid residues of the protein with substitution of the
sulfonate group.

There are data concerning the mechanism of the photoattach-
ment of nucleic acids containing 6-thiodeoxyguanosine to pro-
teins. It is believed that they form sulfonate derivatives as a result
of irradiation.33

Another type of activation of nucleic acids involves the
formation of oligoribonucleotides or oligodeoxyribonucleotides
in which the photoactivated group is not attached directly to the
heterocyclic base. Thus oligoribonucleotides containing a dinitro-
benzene ring with the azido-group and linked to the 5'-phosphate
group via ethylenediamine have been used for the affinity
modification of ribosomal proteins.49
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NHCH2CH2NHPX,,

X = ribonucleoside residue

Mitchell et al.38 modified tRNA with W-(p-azidoben-
zoyl)glycine by attaching it to the 3-(3-amino-3-carboxypro-
pyl)uridine residue (the irradiation conditions are presented in
Table 2). The mechanism of the reaction involving the attachment
of nucleic acids modified in this way to proteins does not differ
from that considered above, since in this case too the main
photoactivated reactive group is the azido-group.

Apart from the nitrene, a carbene may be used for the covalent
attachment to proteins. The formation of a carbene from the
diazirine-derivative of the nucleic acid is induced by irradiation
with UV light.39 The active group — 3-trifluoromethyl-3-(p-
carboxybenzoyl)diazirine — was attached to the internucleotide
phosphate in the DNA duplex. As a result of irradiation with UV
light at a longer wavelength (Table 2), this group decomposes,
affording a carbene. It is postulated that the carbenes are more
reactive than the nitrenes and, furthermore, that irradiation with
UV light at a longer wavelength is preferable, since it prevents the
degradation of the protein.

c. The use of laser radiation
Not only a mercury or mineral lamp but also a laser may be used
as a source of UV light. The difference between laser irradiation
and the usual irradiation consists in the extremely high power and
brief duration of the light pulse. Laser radiation was first used for
the covalent attachment of proteins to nucleic acids in relation to
the complex between the E.coli RNA polymerase and the phage
T7 DNA. The reaction mixture was irradiated with a single pulse
having an energy of 120 mj (irradiation time 20 ns, wavelength
248 nm). Depending on the concentration of mercaptoethanol,
the yield of the complex varied from 5% to 20%.

The mechanism of the covalent attachment of proteins to
nucleic acids on exposure to laser irradiation does not differ from
that of the attachment on irradiation by light from a mercury or
mineral lamp. However, the use of a brief pulse and the presence of
mercaptoethanol as the 'trap' for the long-lived radicals formed
on irradiation made it possible to characterise in greater detail the
intermediate compounds formed on irradiation by a laser. The
lifetime of the radicals formed on irradiation is calculated from the
formula

where fo and / q are the yields of the product of the covalent
attachment in the absence and in the presence of mercaptoethanol
respectively, Aq is the rate constant for the trapping of radicals,
and / the lifetime of the radical.50 It was established that
t = 25-4000 ns and that approximately half of the radicals are
long-lived. Since the lifetime of a particular conformation of the
DNA-protein complex proved to be much greater than the
duration of the laser pulse, it became possible to 'freeze' a
particular structure of the test object, but this is interfered with
by the long-living radicals because the latter may react with the
protein already after the transition of the system to another state
(the so-called diffusion of radicals). In order to avoid such
artefacts, it has been suggested that mercaptoethanol be used as
a 'trap' for the long-lived radicals.

The yield of the product of the covalent attachment of a
protein to the nucleic acid under the influence of laser radiation
depends linearly on the irradiation dose, which indicates that only
one photon participates in each cross-linking step and that the
excitation of only one of the components of the complex is
sufficient for the reaction. An advantage of the method is smaller

damage to DNA compared with other methods, the protein fully
retaining its native state under these conditions.50

On exposure to laser irradiation, the DNA modified with the
psoralen furanoside residue can also be attached to proteins,
which has been demonstrated in relation to their attachment to
the RNA polymerase of the bacteriophage T7.51 The irradiation
was carried out with the aid of an argon laser having a broad
radiation spectrum and a maximum at 366 nm. For an equimolar
ratio of DNA and the protein in the reaction mixture, approx-
imately 80% of the DNA is attached covalently to the RNA
polymerase. It has been observed by electrophoresis that several
isomeric covalent protein-nucleic acid complexes are formed.
Degradation of the RNA polymerase under these conditions was
not observed. An increase in the irradiation intensity led to a linear
growth of the yield of the covalent adducts. The advantages of this
method are the short irradiation time and the possibility of
'freezing' the equilibrium states of the DNA-protein complex,
which makes it possible to investigate the kinetic constants for this
process. Two mechanisms of the attachment of DNA, modified by
psoralen furanoside, to a protein have been proposed: (1) via the
formation of a singlet oxygen atom, radicals, or radical-ions; (2)
by direct photoattachment. It is noteworthy that evidence in
support of one of these photoactivation pathways has not been
found, but the covalent attachment yield is directly related to the
influence of external conditions on the stability of the pro-
tein-nucleic acid complex.51

2. Irradiation from y-sources
Irradiation from y-sources has also been used to obtain
DNA-protein conjugates. For this purpose, the corresponding
complexes were placed in a saturated solution of nitrous
oxide.52-53 A nucleosome became the object of such studies. A
nucleosome consists of a repeating chromatin unit and incorpor-
ates DNA consisting of 200 nucleotide pairs and the histones
H2A, H2B, H3, and H4.54 The study of this system is important
for the understanding of the mechanisms of the storage of genetic
information.

The covalent attachment of histones to DNA occurs on
exposure to y-irradiation. The formation of a covalent bond
between the pyrimidine residues of DNA and the tyrosine
residues of the protein has been postulated.53 The tyro-
sine -cytidine system in an aqueous solution of nitrous oxide has
been used to model the formation of the DNA-histone conju-
gate.52 The reaction mechanism is as follows. Irradiation of the
solution induces the formation of several types of radicals.
Hydroxyl radicals react with cytosine and tyrosine, becoming
attached to the C(5) carbon atom in the first case and to the
aromatic ring with formation of dihydrocyclohexadienyl radicals
in the second. Two possible reaction propagation pathways are
presented in Scheme 3.

Dizdaroglu et al.53 considered the possibility of the interaction
of tyrosine with thymidine on y-irradiation. Overall, the mecha-
nism of this reaction is similar to that considered above for
cytidine, but the radicals are formed as a result of the abstraction
of a hydrogen atom from the methyl group of thymidine and not
via the 6-position of the heterocycle (as in the case of cytidine).

H

R = ribose residue, R' = CH2CH(NH2)COOH.

The presence of oxygen molecules diminishes the probability
of the formation of a covalent protein-nucleic acid complex,
since oxygen forms peroxyl radicals on interaction with the
pyrimidine residues.
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NH2
Scheme 3 Scheme 4

(1)

•H

(2)

R = ribose residue, R' = CH2CH(NH2)COOH.

Arundel et al.55 suggest that the covalent attachment of DNA
to proteins from HCA-1 cells after their treatment with JV-methyl-
formamide and y-irradiation takes place via this mechanism.
JV-Methylformamide does not apparently participate directly in
the formation of a cross-link and acts only as a radical trap in
order to increase the radiosensitivity of the cells.

Irradiation from y-sources ensures a specific interaction of
DNA with aromatic aminoacid residues in close proximity.
However, a serious obstacle to its wide scale employment is the
need to use a saturated solution of nitrous oxide, which does not
promote the formation of protein-nucleic acid complexes.
Furthermore, hard y-radiation induces mutations.

3. Modification of the protein
Modification of the protein side chains with psoralen via the
corresponding 'stem' (Y) is most frequently employed.

Y NH(CH2)2S-, -NMe(CH2)2NMe-,

- NMe(CH2)2O(CH2)2NMeC(O)(CH2)2S - ;

R — protein

In the formation of the protein-nucleic acid complex,
psoralen is intercalated in the double helix. When such a complex
is irradiated with UV light, monoadducts with an internal cross-
link between the furocoumarin and pyrimidine residues are
formed. The 3,4- or 4',5'-double bonds of furocoumarin and the
5,6-double bond of the pyrimidine residue participate in the

R = protein
DNA

attachment. This results in the formation of four-membered
rings (Scheme 4).21-56

By altering the length of the stem connecting psoralen to the
protein, it is possible to attach it at both short and long distances
from the sites of the interaction of the protein and the nucleic acid.
A disadvantage of the method is that it is necessary to know
beforehand which site in the protein has to be modified.

III. Chemical methods for the covalent attachment
of proteins to nucleic acids
For the covalent attachment of proteins to nucleic acids by means
of a chemical reaction not involving the generation of radicals
with the aid of irradiation, it is necessary either to increase the
activity of one of the components of the protein-nucleic acid
complex or to introduce into the system a symmetrical cross-
linking agent, capable of forming a covalent bond with both
components of the complex. Aldehydes are usually employed as
agents of this kind.

1. The use of symmetrical cross-linking agents
Formaldehyde is used more often than other chemical agents for
the covalent attachment of DNA to a protein. The cross-linking of
DNA and histones in the nucleosome of the calf thymus nucleus
has been achieved in this way. The aim of the study was to identify
the sites of contact between DNA and the proteins or to achieve
the fixation of protein-nucleic acid complexes in order to prevent
their separation during further study on centrifugation and on
exposure to other severe treatments.57'58

Another example of the application of this method is the
probing of the structure of the E. coli RNA polymerase and its
complex with the lac UV5 promoter.59

Formaldehyde has also been used to determine the contacts
between mRNA or pBR322 DNA with proteins. In this case,
covalent attachment was achieved in 3 h at 37 °C on treatment of
exponentially growing E. coli cells with a 0.75% solution of
formaldehyde.60

Formaldehyde reacts with the e-amino-group of Lys, afford-
ing a hydroxy-methyl derivative, which reacts in its turn with the
amino- and imino-groups of DNA.21-57 Formaldehyde also
interacts with the DNA adenine and cytosine residues via the
exocyclic amino-groups, the protons participating in the forma-
tion of Watson-Crick pairs not being involved (Scheme 5).61

NH2

+ CH2O

Scheme 5

NH-CH2-NH-R

DNA
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The endocyclic imino-group of cytosine also reacts with
formaldehyde. Furthermore, formaldehyde is attached to the
endocyclic imino-groups of the thymine and uracil residues.62

Thus the reaction involving the covalent attachment of proteins to
nucleic acids on treatment with formaldehyde is specific to lysine
residues in the protein but is nonspecific in relation to the
heterocyclic bases in the nucleic acid. An advantage of the
method is the possibility of the covalent attachment of the protein
to DNA without rupturing the structure of the double helix of the
latter. Under these conditions, the groups of atoms located in both
the major and minor grooves of DNA enter into the reaction.
However, the method considered leads to a large number of
protein-protein cross-links, which complicates the analysis of
the results of the covalent attachment in complex systems, for
example in E. coli cells.60 Apart from formaldehyde, ketones, for
example acetophenone and benzophenone, may be used as the
cross-linking agents.

Glutaraldehyde and l-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide have also been used as symmetrical cross-linking
agents. The former reacts with the primary amino-groups of
both the protein and the nucleic acid to form Schiff bases. The
carbodiimide interacts with the primary amino-groups only of
single-stranded DNA.21

Cohen et al.63 and Hearst64 indicate the possibility of the
formation of a bond between DNA and the protein by coordina-
tion via the Cr 6 + ion in the form of a symmetrical covalent or
coordination complex between DNA and the enzyme polyadeno-
syldiphosphoribosylsynthetase. This type of binding has not been
investigated, although the conjugates have already been isolated.

2. Activation of nucleic acids
One of the methods for the activation of nucleic acids is acid
treatment, which leads to the elimination of purines from DNA.
The aldehyde formed as a result of the opening of the furanose
ring may react with the amino-groups of the protein to form a
Schiff base.65 However, this reaction cannot be used directly for
the preparation of covalent protein - nucleic acid complexes, since
the low pH values and the high ionic strength during the acid
treatment interfere with the formation of specific protein-nucleic
acid complexes. Levina et al.66 therefore proposed that DNA be
subjected to preliminary alkylation at the guanine and adenine
residues with the aid of dimethyl sulfate and subsequent heating in
a neutral medium. The aldehyde groups formed in the DNA
interact with the amino-groups of the protein. Next, p-elimination
results in the rupture of one of the DNA strands at the site of
attachment to the protein. This approach made it possible to
determine the sites of contact between DNA and the protein in
nucleosomes67 and in the complexes between RNA polymerase
and the lac UV5 promoter.68

A similar method has been used for the probing of the
structure of the hyperacetylated region in nucleosomes. The cell
nuclei were treated with dimethyl sulfate for 12 h, after which
DNA was depurinated with piperidine with subsequent reduction
by sodium tetrahydroborate. This resulted in the formation of
covalently bound nuclear particles, in which DNA was attached to
the H1/H5 histones.69

This method has been used in combination with two-dimen-
sional diagonal electrophoresis for the identification of the
proteins forming discrimination contacts with the DNA of the
cowpox virus.70

A disadvantage of the DNA depurination method, used for
the covalent attachment of DNA to DNA- specific proteins, is the
distortion of the steric structure of the DNA double helix arising
from the multiple methylation of the heterocyclic bases.

Another method for the preparation of protein-nucleic acid
conjugates is the modification of the nucleic acid fragments at the
heterocyclic bases and the phosphate groups by active alkylating
agents.

A procedure for the introduction of a bromoacyl residue into
cytidine has been proposed (Scheme 6).71 The hydrazino-group,

Scheme 6
NH2 NH2

DNA

NHNH2 0

II
BrCHjCCOOH, RSH

HNN=CCOOH

CH2SR

- H 2 O , - H B r

DNA DNA

R — protein

introduced into the 4-position of the cytosine ring, interacts with
bromopyruvate, which combines with an SH group of the protein.
Glutathione has been used as the donor of the SH group in a
model system. The optimum conditions for this reaction have
been selected. The covalently bound complex of RNA with the
protein in the 30S ribosomal subparticle of E. coli has been
obtained in this way.71

In another study72, the bromoacetyl residue was attached to
the 5'-phosphate group of an oligodeoxyribonucleotide. The
active derivative of the oligonucleotide obtained —
BrCH2CONH(CH2)2NH-d(pTCTAG) — was used for the affin-
ity modification of the protein of gene 5 of the bacteriophage fl.
The conditions in the cross-linking reaction were optimal for the
formation of a specific protein-nucleic acid complex. The
maximum yield of the covalent complex was 20% for a reaction
time of 24 h. The decrease in the yield of the protein-nucleic acid
complex in the presence of sodium chloride (to 1.3%) and in the
presence of competing attachment inhibitors —• oligonucleotides
not containing an alkyl group (to 9.4%) — demonstrates the
specificity of the cross-linking. Since bromoacetate interacts with
the nucleophilic centres of the protein, it has been suggested 72 that
the SH group of the cysteine residue of the protein of gene 5 of the
bacteriophage fl is alkylated.

Derivatives of oligoribonucleotides containing alkylating
groups at the 2',3'-end (G) or the 5'-end (H) have been proposed
for the study of the topography of ribosomes.

= / (CH2)2C1

H

X = ribonucleoside residue,
B = heterocyclic base residue.
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Compounds G and H are active alkylating agents and react with
ribosomal proteins. The optimum reaction time is believed to be
the time required for the half-conversion of the W-chloroethyl-JV-
methylamino-group into the ethyleneimmonium cation as a result
of the elimination of the chloride ion. The reaction mixtures are
incubated at 25 and 37 °C. The yield of the covalent pro-
tein-nucleic acid complex is between 10% and 30%.49

This method for the introduction of an active group suffers
from a disadvantage associated with the modification of only the
terminal residues of the oligoribonucleotides, but it has many
advantages because of the reactivity of the alkylating groups.

Nucleic acid analogues containing activated terminal phos-
phate groups are also used for the affinity modification of
proteins. The cyclic substituted trimetaphosphate and JV-cyclo-
hexyl-.W'-(4-methylmorpholino)ethylcarbodiiinide are used as
activators. The reaction time is 10 min and the yields of the
product of cross-linking to ribosomal proteins are between 1%
and 7.5% 49

The mixed anhydrides of phosphoric and mesitylenecar-
boxylic acids in an aqueous medium can phosphorylate different
compounds containing nucleophilic groups, for example primary
and secondary amines and mercapto-compounds.73 This permits
their application in the reaction with a protein. Nucleic acid
analogues mesitoylated at the terminal phosphate have been
used for the covalent attachment to RNase A,74 mitochondrial
ATPase, myosin,73>75>76 and other proteins (Scheme 7).

Scheme 7

R-NuH + Me B—O-P—O—I^O^J
o- •H 1

DNA

DNA

R = protein, Nu = nucleophilic group of the protein,
B = heterocyclic base residue.

The advantages of the mesitoyl derivatives of oligonucleotides
are their stability in aqueous media and low reactivity, which
reduces the probability of a nonspecific modification of the
protein. According to the results of Sokolova and Tret'yakova,77

the reactions of the mixed anhydrides of mesitylenecarboxylic and
phosphoric acids with strong nucleophiles proceed in several
hours, whilst those with weak nucleophiles take several days.
The results of the covalent attachment of the mixed anhydride of
mesitylenecarboxylic acid and ATP or AMP to myosin were
followed from the irreversible inhibition of the enzyme. The
reaction time was 1-2 h. In order to obtain the conjugate of
RNase A with an oligodeoxyribonucleotide, use was made of
reagents such as d[MsC(O)pApApA], d(ApApApMsCO), and
d(MsC(O)pTpApGpT), where Ms is the 2,4,6-trimethylbenzoic
acid residue. For complexes with a high association constant, the
yield of the conjugate was 2%-4% relative to the protein for a
reaction time of 7 days. The decrease in the yield of the covalent
protein-nucleic acid complex to 0%, which has been noted
following a gradual increase in the ionic strength of the solution
and when complexes with a low association constant were
employed, demonstrates the specificity of the cross-linking.74

Shabarova and coworkers78 proposed DNA duplexes, con-
taining, in a specified position in the sugar-phosphate backbone, a
substituted pyrophosphate group instead of the natural phospho-
diester linkage, as affinity reagents for covalent attachment to
nucleic acid-recognising proteins. It was established that, in

single-stranded oligodeoxyribonucleotides in an aqueous
medium, the anhydride component of the substituted pyrophos-
phate group is readily and quantitatively cleaved at the phos-
phorus atom on treatment with nucleophiles via a nucleophilic
substitution mechanism. The substitution is accompanied by the
formation of a covalent bond between the fragment of the
oligodeoxyribonucleotide, bound to the disubstituted phosphate
group, and the nucleophile.

R O - P - O - P -
EtO O-

OR'
NuH

PRO-P-OEt + Nu—P-OR'
o- o-

NuH = nucleophile,
RO and R'O = fragments of oligodeoxyribonucleotides.

It was shown that the functional groups of the side chains of
glutamic acid and arginine may also serve as nucleophiles.79

The DNA duplexes containing a substituted pyrophosphate
group have been used successfully for the affinity modification of
the restriction-modification fragments of Rsrl and EcoRl*0 and
of the restriction endonuclease ECORH.79 These enzymes 'recog-
nise' definite sites in DNA and hydrolyse (restriction endo-
nucleases) or methylate (DNA methyltransferases) them in
strictly defined positions. The specificity of their covalent attach-
ment to DNA duplexes with a monosubstituted pyrophosphate
internucleotide bond has been demonstrated.79-80

The advantages of reagents of this type consist in the fact that
the substituted pyrophosphate group does not introduce serious
changes into the structure of the DNA duplexes; the chemical
reaction between the nucleophilic group of the protein and the
reactive group of the substrate proceeds at a 'zero distance'
between them and, in contrast to photoactive reagents, does not
require external activation (for example UV or y-irradiation). This
precludes the possibility of the distortion of the real pattern of the
protein-nucleic acid contacts in the interpretation of the results.
The disadvantages of the use of DNA duplexes containing a
substituted pyrophosphate internucleotide group for the affinity
modification of proteins include the need for a close proximity of
the nucleophilic group of the protein and the activated group of
the nucleic acid and also the lability of the bond formed between
the. 5'-phosphate group of the oligodeoxyribonucleotide and
certain aminoacid residues.

IV. Covalent attachment of nucleic acids to
enzymes based on the mode of enzyme action
In the course of the interaction of an enzyme with a nucleic acid,
there is a possibility of the formation of a covalently linked
protein-nucleic acid intermediate, which then decomposes with
formation of the reaction products. In order to achieve the
covalent attachment of the protein to the nucleic acid for the
study of the structure of the complex by X-ray diffraction or for
the determination of the aminoacid interacting with the substrate,
it is sufficient to fix this complex at the stage involving the
formation of a covalent compound between the enzyme and the
nucleic acid.

One of the examples of the use of an enzymic reaction for the
preparation of covalent adducts between enzymes and nucleic acid
substrate analogues (substrates) is the study of thymidylate
synthetase in the interaction with 5-fluoro-2'-deoxyuridine mono-
phosphate (flsdUMP). Thymidylate synthetase is an enzyme
which transfers a methyl group from 5,10-methylenehydrofolate
to uridine with formation of thymidine. The formation of a
noncovalent ternary complex, which is converted into a covalent
adduct between the protein and the uridine, has been postulated in
the interaction of the protein with two substrates. The thiol group
of the enzyme attacks the 6-position of the uracil residue in such a
way that the C(5) atom can react as a carbanion with methylene-
tetrahydrofolate.81 After the transfer of the methyl group from
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methylenehydrofolate to the 5-position of undine, the protein
group is eliminated from the 6-position simultaneously with a
proton from the 5-position. If a fluorine atom is introduced in
place of the hydrogen atom removed, the reaction is blocked at the
protein elimination stage.82

The decrease in the growth of lymphocyte cells in a medium
containing fl5dUMP is also evidence in support of the formation
of a covalent adduct, the quantitative characteristics of the process
being the same as those of the inactivation of thymidylate
synthetase, i.e. the inhibition of cell growth can be accounted for
by the interaction of the modified nucleotide with this enzyme.82

The use of the covalent attachment method is of interest
because it makes it possible to determine exactly the stage in
which the complex is fixed and to discover the role of the
covalently bound aminoacid residue. Under these conditions, the
modified nucleotide undergoes the same conformational changes
as the substrate. Hence the application of reagents of this kind
opens a path to hitherto uninvestigated stages of the catalysis.83

Thus studies have been made84-85 of the stereochemical mecha-
nism of the methylation of deoxyuridylate in relation to the
covalent ternary complex of thymidylate synthetase with
fl5dUMP and 5,10-methylenetetrahydrofolate or 10-propargyl-
5,8-dideazafolate. The high stability of the complexes made it
possible to obtain crystals and to investigate their structures by
X-ray diffraction. It was shown that, in the formation of the
ternary complex, thymidylate synthetase undergoes conforma-
tional rearrangements involving four aminoacid residues at the CD-
end of the protein, which are in immediate proximity to the
aromatic ring of the fl5dUMP inhibitor.85 It has been suggested
that before elimination the reaction product undergoes a con-
formational isomerisation and the pathways leading to its occur-
rence have been discussed.84

The enzymes forming covalent conjugates with the substrate
include also DNA [C(5)-cytosine]methyltransferases. It has been
virtually demonstrated that they all function via a universal
mechanism, according to which in the first stage the nucleophilic
aminoacid is attached to the 6-position in the cytosine being
modified. In the second stage, the methyl group is transferred
from the cofactor SAM to the C(5) carbon atom of cytosine. The
introduction of a substituent, which is bound to the carbon atom
via a stronger bond than hydrogen, in the 5-position of the base
being modified fixes the protein-nucleic acid complex at the
covalent adduct stage. It has been suggested that a fluorine atom
be used as a substituent of this kind.88

The interaction of the modification enzyme EcoJUI with a
DNA duplex containing an azacytidine residue has been inves-
tigated.86 The formation of the adduct was detected electrophor-
etically. It was shown that the introduction of azacytidine into the
cell system leads to a sharp increase in the expression of the given
gene. Bearing in mind the inhibiting effect of this reagent on the
methylase EcoRIl, this fact can be regarded as evidence for the
negative regulation by this enzyme of the expression of its gene.87

DNA duplexes containing the 5-fluoro-2'-deoxycytidine
(fl5dC) residue are used for the determination of the aminoacid
residues participating in the catalytic step in the methylation of
DNA by DNA [C(5)-cytosine]methyltransferases. The conjugate
of the methylase Haelll with a DNA duplex containing fl5dC has
been isolated. The substrate in the conjugate was methylated at
the C(5) atom of the heterocyclic base. Owing to the presence of
fluorine in the 5-position of cytosine, the protein was not split off
from the C(6) atom.88 Analogous conjugates of DNA duplexes
containing fl5dC with the enzymes £coRII89-90, Hhal,91 and dcm-
methyltransferase of E. coli K-1292 have been isolated. The
presence of a covalent complex was demonstrated electrophoret-
ically and detected by autoradiography. The stability of the
adduct in denaturing solutions — 6 M urea and 1 % solution of
sodium dodecyl sulfate (SDS) — was tested. After the denatura-
tion of the protein, the bond between the modified DNA and the
methylase in the presence of the cofactor was retained. Kinetic
study of the reaction showed that both the enzymic methylation

process and the reaction involving the covalent attachment of the
protein to DNA are first-order processes. The results confirm the
reaction mechanism proposed previously (Scheme 8).

NH2

HS-Enz
DNA

Scheme 8

DNA

NH2

DNA

SAM = S-adenosyl-L-methionine,
SAH = S-adenosyl-L-homocysteine,
Enz = enzyme.

Analysis of the adducts obtained showed that in all cases the
Cys residue forms a covalent bond with the carbon atom in the 6-
position in cytosine.89-90>92 Further studies on these lines lead to
the possibility of a detailed description of the stereochemical
pathway of the methyl group transfer reaction.91

The universality, postulated for DNA [C(5)-cyto-
sinejmethyltransferases, extends also to the methyltransferases
which interact with RNA. tRNA (m5U54)methyltransferase was
investigated by Gu and Santi.93 A covalent adduct of this enzyme
with tRNA, containing the fl5dU residue, was obtained. It proved
possible to detect a covalent complex between tRNA
(m5U54)methyltransferase and RNA, which was stable when
treated on a nitrocellulose filter and in electrophoresis under
denaturing conditions. It was shown that such adducts are
capable of participating in a further methylation reaction and
that their formation reaction is reversible.94

The preparation of intermediate covalent complexes between
topoisomerases and DNA has been described. Topoisomerases
are enzymes which alter the number of superturns in cyclic
covalently closed DNA, initiating single-stand breaks in DNA.95

The topoisomerase of the type I cowpox virus binds specifically to
DNA and forms covalent adducts by cleaving the phosphodiester
linkage and forming a new bond with the terminal phosphate
group produced at the break point. The enzyme recognises in
DNA the conservative sequence 5'-(C/T)CCTT-3'. After the
uncoiling of the DNA strand, the enzyme transfers the end of the
DNA linked to it to the 5'-terminal region of the same strand with
regeneration of the covalently closed plasmid ring. The presence
of covalent conjugates at an intermediate stage has been demon-
strated by transferring the oligonucleotide residue from the
complex to the 5'-end of the oligonucleotide and also by blocking
the enzymic reaction by an antibiotic inhibiting the activity of
topoisomerases, as a result of which the DNA strand remains
broken.96

It has been suggested97 that irreversible inhibitors of the
enzymic reaction be employed. Thymidylate synthetase was
inhibited by an analogue of undine triphosphate containing in
the 5-position one of the reactive groups: COCH2Br,
CH2NHCOCH2I, or NO2. Such compounds convert reversible
enzyme-inhibitor complexes into irreversibly covalently bound
complexes. The mechanism of their activity has not been deter-
mined accurately, but a possible pathway has been proposed for
this process (Scheme 9).

By employing the reagents considered, it is also possible to
probe the groups of atoms in the protein which participate in the
methylation of the heterocyclic base.

An interesting method involving the employment of tRNA,
containing the br5U residue, for covalent attachment to amino-
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R = ribose triphosphate residue

acyl-tRNA synthetase without activation by UV light has been
described.98 Although numerous pieces of evidence for the
formation of an intermediate covalent adduct between amino-
acyl-tRNA synthetase and the uracil ring exist, such compounds
had not been obtained earlier. The introduction of a halogen
atom, which is highly electronegative, into the heterocyclic base
increases the sensitivity of the carbon atom in the 6-position to
nucleophiles. The adducts with halogenated uracil derivatives are
therefore capable of further rearrangements, leading to the
formation of a covalent enzyme-substrate complex. The devel-
opment of this process leads to the formation of bromouracil and
the appearance of a ribose residue at the site occupied previously
by 5-bromouracil and of the free enzyme in accordance with
Scheme 10.

Scheme 10

HO

+ Enz

RNA OH

Enz

RNA OH

Enz + icy
RNA OH

Optimum conditions for the prevention of the decomposition
of the covalent complex were selected: the use of a sulfhydryl
reducing agent and of a tenfold excess of 5-bromouridine. The
success of the new method was demonstrated in relation to alanine
aminoacyl-tRNA synthetase. The inactivation of the enzyme by
br5U containing tRNA was investigated. It was shown that the
elimination of uracil leads to the regeneration of the activity of the
protein. The results obtained demonstrate the existence of an
intermediate covalent adduct in the functioning of aminoacyl-
tRNA synthetases.

V. Methods for the identification and isolation of
covalent protein-DNA complexes
For the identification and isolation of covalent protein-nucleic
acid adducts, use is made, for example, of the ability of one of the
components of the complex to be adsorbed on a carrier and also of
the difference between the chemical or physicochemical properties
of nucleic acid component of the covalent adduct and of its protein
component. Thus, in contrast to the protein, DNA binds to a
nitrocellulose filter only under certain conditions. On the other
hand, DNA, attached covalently to the protein molecule having
an affinity for some kind of polymeric carrier (for example,
nitrocellulose), acquires the ability to be precipitated on such
filters. The new property can be used to separate the reacted DNA
from the free DNA and also to demonstrate that covalent
attachment has taken place.

A property of the protein which may be used to identify the
covalent adduct is the immune response, i.e. the formation of a
specific complex of the given protein with an antibody. In this
case, the immunochemical approach may be used to isolate
protein-DNA conjugates and for their purification.

The protein bound to the nucleic acid also acquires new
features, in its turn, characteristic of the nucleic acid component.
One of the applications of this phenomenon is the sedimentation
method for the isolation of the attached protein in the case where it
is fairly small and does not alter the sedimentation constant of the
free nucleic acid in a density gradient. When cells or cell nuclei are
irradiated in vivo, this property proves very useful for the isolation
of conjugates from complex cell systems. For example, the first
stage in the purification of covalent adducts of chromosomal
proteins with DNA from a cell culture of D. melanogaster tissues
has been centrifugation in a CsCl gradient in order to isolate
DNA-containing cell fractions.4 Gel filtration can also be used for
such purposes.

Extraction methods for the isolation of conjugates are
associated with the solubility of one of the components in an
organic substance, for example of the protein in phenol. The
solubility of the protein component in an organic medium
promotes the transfer of the covalently bound nucleic acid into
the organic phase, whereas the unreacted nucleic acid remains in
the aqueous solution.21

Examples of the application of methods most frequently used
in practical investigations are presented below.

1. Binding to a polymeric carrier
In order to isolate covalent complexes of the DNA adenine
methyltransferase (Dam methylase) from E. coli with SAM, the
protein component of the conjugate was precipitated on a glass
filter with 10% trifluoroacetic acid. The presence of a covalent
bond between the methyltransferase and the cofactor was dem-
onstrated with the aid of a radioactive label (3H or 1 4Q in SAM.
As a control, a similar procedure was carried out with a non-
covalent complex between the methyltransferase and SAM.18

The covalent adducts of a DNA-recognising protein from the
type 2 adenovirus with 32P-p(dT)i4 were filtered through nitrocel-
lulose filters and washed with solutions containing NaCl or SDS
in order to decompose noncovalent specific complexes. The yield
of the covalent protein-nucleic acid complex was determined
from the radioactivity of the residue on the filter. The same
approach (binding on a nitrocellulose filter) was used to purify
the covalent adducts of tRNA (m5U54)methyltransferase and
RNA.93 Toyo Roshi 51 paper filters were used in another study16

instead of the nitrocellulose filters.
In order to isolate the proteins from the nuclear extract of

mouse hybridoma B-cells, participating in the specific recognition
of definite DNA sequences, their complexes with oligonucleo-
tides, incorporating not only the binding site but also a
10-membered dA sequence at the 3'-end, were irradiated with
UV light. The covalent adducts obtained were isolated on oligo-
dT-cellulose. In this case, the elimination of'unattached* proteins
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from the complex was achieved by the formation of an
oligo-dA • oligo-dT duplex on a polymer matrix."

Yet another example of the use of a polymeric carrier for the
isolation of protein-nucleic acid conjugates is the hybridisation
of the products of the treatment with formaldehyde of E. coli cells
with single-stranded DNA immobilised on cellulose and com-
plementary to the pBR322 plasmid. The conjugates of mRNA and
pBR322 DNA with proteins are then separated from the remain-
ing cell material. After being split off from the covalent RNA
complex, the protein components were analysed by electrophor-
etic methods (Laemmli's methods).59

2. Electrophoretic isolation methods
Electrophoresis is the most effective method for the isolation of
covalently bound protein-nucleic acid conjugates. In the electro-
phoretic methods of analysis, there is a possibility of the simulta-
neous determination of both the protein component (by staining
with an appropriate dye) and of the nucleic acid (from the 32P
radioactivity). There are two versions of this method differing in
the presence or absence of a denaturing agent in the supporting
medium.

Thus the isolation of covalent protein - nucleic acid complexes
by the 'retardation' method in 1% agarose gel not containing
denaturing agents has been described.100 Covalent adducts of
E. coli topoisomerase with an oligonucleotide were also identified
in a nondenaturing 4.5% polyacrylamide gel.96

Two-dimensional electrophoresis in a nondenaturing medium
has a greater resolving power. In this case, the reaction mixture is
separated initially in one direction, after which one of the
components of the protein-nucleic acid complex is subjected to
degradation by a chemical or enzymic method and electrophoresis
is carried out in the perpendicular direction.21 DNA-binding
proteins of the cowpox virus, attached covalently to the viral
DNA, were identified in this way. The electrophoretic separation
in the first direction was carried out in a polyacrylamide gel (the
linear acrylamide concentration gradient was from 5% to 15%).
In the second direction, the concentration of acrylamide was
constant at 12.5%. The proteins were detected from the radio-
activity of the 125I introduced with the aid of the Bolton-Hunter
reagent. The set of marker proteins, used in the electrophoresis in
the second direction, made it possible to determine the molecular
masses of the attached proteins.

However, the use of nondenaturing gels does not usually afford
the complete certainty that the protein-nucleic acid complex is
indeed covalent. Denaturing agents, for example SDS or urea, are
therefore introduced into the gel. Gel electrophoresis in Laemmli's
version with SDS as the denaturing agent is usually employed. The
gel concentration varied in different investigations from 10% to
15%.10-17-I9'25-29-33-34-87-I01>102 Preliminary treatment of samples
from the SDS procedure with 2-mercaptoethanol, including main-
tenance for several minutes at 95 °C, guaranteed the complete
decomposition of the noncovalent protein-nucleic acid complexes
and also the denaturation of the protein. The attachment of nucleic
acid fragments to the protein has only a slight influence on the
electrophoretic mobility of the latter, because it is abolished by the
large negative charge on SDS, while the increase in the mass of the
protein after the attachment of the nucleotide or oligonucleotide to
the latter is negligible compared with its intrinsic mass. After the
electrophoretic separation, the gels are usually stained with a
Coomassie dye in order to determine the protein bands and are
then dried and autoradiography is carried out in order to visualise
the nucleic acid fragments. In the study of Pelle and Murphy,5

before determining the positions of the complexes in the gel the
latter were transferred by electroblotting on to a nitrocellulose
membrane.

After the irradiation of the complexes of a polypeptide present
in the transcription complex of the pea and DNA containing
br5dU the samples were treated with DNase I (in certain experi-
ments an additional treatment with snake venom phosphodiester-

ase was performed).28 After this, they were analysed by
electrophoresis in a dilute (5%) polyacrylamide gel.

Nucleic acid was decomposed similarly by micrococcal nucle-
ase and bacterial alkaline phosphatase after the covalent attach-
ment of DNA to histones. A 32P label was then introduced into the
residual oligonucleotide with the aid of polynucleotide kinase
(before deposition on a 15% polyacrylamide denaturing gel).69

The need for the degradation of DNA is due to its large size and
hence low electrophoretic mobility.

The protein component of the complex with nucleic acid can
also be subjected to partial cleavage. iV-Chlorosuccinimide is used
for this purpose. After the treatment of the complexes with
jV-chlorosuccinimide, the reaction mixture is deposited on a 10%
SDS-containing polyacrylamide gel. The positions of the bands of
the partly degraded protein-nucleic acid complex are determined
autoradiographically. The set of products of the partial decomposi-
tion of such compounds by A'-chlorosuccinimide is specific to each
protein and may be used for the rapid determination of the
macromolecules recognising a definite sequence in DNA or RNA.103

After covalent attachment to DNA, GCN4 activator of the
transcription from yeast was analysed electrophoretically in a gel
with another type of denaturing agent — urea. For the denatura-
tion of the 'unattached' complexes, the reaction mixtures were
treated with alkali and deposited on a 10% polyacrylamide gel
containing 8 M urea. The covalent protein-nucleic acid complex
was detected autoradiographically.30

3. Chromatographic isolation methods
Chromatographic methods are more rarely used for the analysis of
covalently bound protein-DNA complexes because large
amounts of substances are required for the spectrophotometric
detection of the reaction products. Nevertheless, for example, in
the study of Barbier et al.,26 a mixture of the lac repressor with
br'dU-containing DNA was separated chromatographically on a
Sephadex column after irradiation with UV light. When a 200 mM
potassium phosphate buffer containing 500 mM KC1 was used, the
unbound repressor separated from the covalent complex, which
was indicated by a well resolved peak. The separation process was
followed spectrophotometrically from the absorption at 260 and
280 nm.

The covalent complex of the T4 endonuclease V with an
oligonucleotide containing a phenyldiazirine derivative has been
isolated on a phosphocellulose column.39

The method for the isolation of the covalent complexes of the
methyltransferase Hael with an oligonucleotide containing the
fl5dC residue by fast protein liquid chromatography (FPLC) on a
MonoQ column in a linear NaCl concentration gradient from 0 to
1 M proved effective.88

4. Immunochemical methods for the isolation of
protein-nucleic acid covalent complexes
Several examples of the use of immunochemical methods for the
isolation of protein-nucleic acid covalent complexes have been
described in the literature.

The replication protein A was irradiated together with oligo-
nucleotides. After the reaction, the protein and the covalent
protein-nucleic acid complex were separated from the unreacted
oligonucleotides with the aid of monoclonal antibodies. The reaction
mixture was then analysed by the retardation method in a gel.13

The proteins from the extract of cell cytoplasm, attached
covalently in vitro to nucleic acids, were isolated with the aid of
antibodies obtained by the vaccination of mice.5

After the covalent attachment of histones to DNA, high-
molecular-mass complexes were isolated with the aid of antibodies
specific to the acetylated histones.69

The protein component of the covalent adduct was deter-
mined by the immune precipitation of one of the proteins of the
transcription factor II (TBP subunit) after its covalent attachment
to DNA as a result of irradiation with UV light.42
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VI. Determination of peptides in a protein bound
covalently to nucleic acid
The final aim of the covalent attachment of a protein to nucleic
acid is the determination of the aminoacids or domains of the
protein coming into contact with nucleic acids. To do this, the
protein is fragmented after its covalent attachment and its
component forming a covalent adduct with the nucleic acid is
determined. Numerous methods, both chemical and enzymic, are
employed for this purpose.104 Depending on the conditions, mild
acid hydrolysis leads to the formation of large or small protein
fragments, but its effect is as a rule nonspecific in relation to
particular aminoacid residues and the set of peptides obtained is
not reproduced when the hydrolysis of the same protein is
repeated. The secondary and tertiary structures of the protein
exert some influence on this process. There are also reagents which
cleave the peptide bond at a particular aminoacid when the latter
is C- or N-terminal. For example, BrCN hydrolyses a specific
bond in proteins when methionine is NH2-terminal.105>106 Bro-
mocyanogen has also been used to determine the DNA-binding
domains of the restriction enzymes EcoKl and EcoRV after their
irradiation with UV light in a complex with DNA duplexes
containing br5dU residues. Since methionine is rarely encoun-
tered in proteins, this made it possible to locate only those regions
in the enzymes to which DNA is bound.23 A disadvantage of the
method is the severe conditions in the treatment (80% formic
acid), under which only the C—C bonds formed on irradiation of
protein-nucleic acid complexes with UV light are stable.

The enzymic fragmentation of the protein component of the
covalent adduct with the nucleic acid proceeds under milder
conditions and is fairly specific when particular proteinases are
employed. Rarely and frequently cleaving proteinases are distin-
guished, which is determined primarily by their specificity and also
by the frequency with which certain aminoacids are encountered
in proteins. For example, the endopeptidase Lys-C cleaves

proteins into fairly large fragments, which are easier to analyse.
However, when this enzyme is employed, it is not possible to
locate accurately the active region of the protein. Trypsin is the
most frequently employed enzyme. It cleaves the protein specifi-
cally at the peptide bonds formed by the carboxy-groups of lysine
or arginine.l04 Since the range of aminoacids recognised by them is
greater than for the endopeptidase Lys-C, the size of the peptides
formed on cleavage is smaller and their number is greater. This
complicates the isolation of the peptide bound covalently to the
nucleic acid, on the one hand, but it permits a more accurate
location of the attached aminoacid, on the other.

When covalent protein-nucleic acid adducts are cleaved by
proteolytic enzymes, a large set of peptides is formed, including
the protein fragments unattached to the nucleic acid, one or
several peptides bound covalently to the nucleic acid, and the
products of the hydrolysis of the proteinase itself, because it too
may hydrolyse its own peptide bonds (autoproteolysis). In order
to avoid autoproteolysis, specially modified trypsin, which hardly
undergoes any self-decomposition, is used. For a more complete
and exhaustive hydrolysis, the protein is also denatured by 8 M
urea, but, since this may prove insufficient, it is treated further
with iodoacetamide.107 After treatment with iodoacetamide, the
concentration of urea may be reduced to 2 M, whereupon the
effectiveness of the cleavage by trypsin increases sharply, which
makes it possible to reduce the trypsin: protein mass ratio to 1:25.
For this ratio, the autoproteolysis of trypsin is no longer a
problem.108 Table 3 presents the most frequently used methods
for the fragmentation of proteins in covalent protein-nucleic acid
complexes. In each specific case, the choice of the proteolysis
conditions is determined by the effectiveness of the operation of
the proteinase (or the chemical reagent) and by the stability of the
protein-nucleic acid conjugates. Since the nucleic acid may
protect the protein against proteolysis, an individual selection of
the protein: proteinase (or reagent) ratio and of the method for

Table 3. Methods for the cleavage of the protein component of the protein - nucleic acid conjugates.

Enzyme
or reagent

Trypsin

TPCK-trypsin

Chymo trypsin

Staphylococcal
proteinase V8

Lysine
endopeptidase

o-Iodobenzoic
acid

Enzyme (reagent) con-
centration or enzyme:!
strate mass ratio

1:3.7

1:10
1:5000,
1:500,
1:100
1:25

1:20

1:50,
1:100,
1:200
1:100"

1:1,
1:25
l O O n g m l - "
36 u g m l - 1

5 pmol

15 mg m l - 1 b

Buffer solution
sub- for proteolysis

83.3 mM tris-HCl, pH 8.0,
16 mM CaCl2,2 M urea

2 M urea
25 mM tris-HCl, pH 8.0,
1 mMEDTA,0.1 MNaCl

10 mM tris-HCl, pH 7.5,
4.8 Murea,0.1 MNaCl

50 mM NH4HCO3,
pH 8.0,2 M urea

25 mM tris -HC1, pH 8.0,
lmMEDTA, 0.1 MNaCl

100mMNH4HCO3

25mMtris-HCl,pH8.0,
lmMEDTA, 0.1 MNaCl
50mMNH4HCO3
50 mM NH4HCO3, pH 8.0,
0.1 % SDS

10mMK3PO4,pH6.5,
10% ethylene glycol, 10 mM
mercaptoethanol, 2 mM EDTA

80 % AcOH, 4 M guanidine,
1 % cresol

* Preliminary treatment with iodoacetamide. b Preliminary treatment with 4-vinylpyridine.

Time/h

72

4
0.3

18

12 (or 48)

0.3

16

1

16
12

4

24

Incubation
temperature
/ • c

37

37
20

25

37 (or 20)

20

37

20

37
37

30

20

Ref.

51

34
29

31

17

14

16

14

89
17

39

17
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the denaturation of the protein-nucleic acid complex (urea or
SDS) is necessary.

After the successful fragmentation of the proteins in their
covalent complexes with nucleic acids a new problem arises — the
isolation of one or several peptides which were involved in the
formation of the covalent adduct with the nucleic acid. Several
approaches to the solution of this problem have been described in
the literature: the use of electrophoretic methods, extraction into
organic solvents, and a different kind of chromatographic
purification. Conditions for electrophoresis designed to separate
peptides with molecular masses ranging from 1 to 5 kDa have
been selected.109 Phenol extraction of peptides is also used. One
purification stage is usually insufficient for the separation of the
target compound from other substances, so that column chroma-
tography is almost always used at one of the purification
stages.108-109

Table 4 presents the chromatographic conditions used for the
isolation and purification of peptides bound covalently to nucleic
acids. For the selection of the column, sorbent, eluent, and other

chromatographic separation conditions, the investigator may use
the literature data (Table 4) taking into account the individual
features of the conjugate investigated.

After isolation and purification, the aminoacid sequence of
the peptide is determined.108-no

Cases are possible where the aim — the determination of the
peptide bound covalently to DNA — proves to be unattainable
because of the instability of the adduct, insufficient amounts of the
protein, and the lack of the necessary equipment. Indirect data are
then employed to find the aminoacid cross-linked to the nucleic
acid. These include the determination of the nature of the bond
between the nucleic acid and the protein. Such determination is
based on the difference between the reactivities of the functional
groups and their hydrolytic stabilities.

If the nucleic acid is attached to the protein via the terminal
phosphate group, then, owing to the instability of the covalent
complex, problems involving the determination of the peptide
usually arise. The phosphodiester or phosphotriester bond formed
as a result of the attachment of the protein to hydroxyaminoacids

Table 4. Conditions for the isolation by chromatographic methods of peptides (products of the proteolysis of protein-nucleic acid conjugates) attached
covalently to nucleic acids (the separation temperature is not indicated).

Column

Delta-Pak Ci8;
7.8x300 mm'

Delta-Pak Ci8;
2x150 mm"

NAP-10

TSKODS120T;
4.6x250 mm

SynChropak
AX300
4.1x250 mm

Waters Ci8

Aquapore RP-300;
4.6x250 mm

Beckmann ODS;
4.3x250 mm

Hydropore-SAX;
4.6x100 mm

uBondapak Qg

Initial
eluent

10 mM
CH3COONH4,
pH6.5

1.16%
CF3COOH

50 mM
NH4HCO3

0.05%
CF3COOH

5mM
NH4HCO3

20 mM K3PO4,
pH 6.8,
5% C2H5OH,
50 mM KC1

100 mM
(C2H5)3NCH3COOH,
pH6.8

0.1%
CF3COOH

50 mM
(C2H5)3N-
CH3COOH

50 mM
tris-HCl,
pH 7.5,0.5 mM
EDTA, 10 mM
mercaptoethanol

10 mM
CH3COONH4,
pH6.0

10 mM
CH3COONH4,
pH 6.0, 15% CH3CN

Gradient11

70% CH3CN

50% CH3CN

50mM
NH4HCO3

48% CH3CN

80% CH3CN

1MKC1

60% CH3CN

50% P^OH

70% CH3CN

1 M NaCl

80% CH3CN

45% CH3CN

Separation
time
/min

60

60

not indicated

50

50

90

50

20

45

60

60

60

Consumption
of eluent
/ml min-1

1

0.2

not indicated

0.8

not indicated

not indicated

not indicated

1

0.5

1

1

not indicated

Detection
method0

SP(214)

SP(214)

SP

SP(220)

SP(220),
RA

SP(254),
RA

SP(254),
RA

SP(220)

SP(222),
RA

RApHand32P)

SP(214),
RA

SP(214),
RA

Ref.

18

18

34

16

16

14

14

39

89

51

17

17

a Separation temperature 40 °C.b Only the gradient-forming component, the concentration of which in the initial eluent increases to the value indicated, is
quoted. ° SP = spectrophotometric method (the wavelength in nm is indicated in brackets); RA = detection based on radioactivity.
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is labile under alkaline conditions, the stability of the bond being
influenced by the nature of the aminoacid. Thus the adducts with
hydroxyaminoacids are more sensitive to alkaline hydrolysis than
the adducts with tyrosine. By measuring the dependence of the
stability of the covalent protein-nucleic acid complex on the pH,
it is possible to reach a conclusion about the nature of the
aminoacid bound to the nucleic acid. The phosphodiester nature
of the bond may be demonstrated with the aid of snake venom and
calf spleen phosphodiesterases, which are able to hydrolyse such
bonds.111

The nature of the bond between the modification enzyme
EcoRl and an oligonucleotide has been determined.80 The
conjugate proved stable in 0.1 M sodium hydroxide solution, but
was hydrolysed in 0.1 M hydrochloric acid or in 4 M solution of
hydroxylamine at pH 5. This suggested the formation of a
covalent bond between the phosphate group of the oligonucleo-
tide and the amino-group of Arg or Lys or the imino-group of His.

VII. Probing the DNA recognising proteins mode
of action via cross-linking assay
The covalent attachment method makes it possible to investigate
indirectly the protein-nucleic acid interaction because a specific
complex is fixed at the binding stage. By varying the parameters of
the cross-linking, it is possible to fix different recognition stages.

The complex of the restriction endonuclease Nael and an
oligodeoxyribonucleotide duplex containing the brsdU residue
has been irradiated with UV light in order to determine the
number of enzyme subunits and substrate molecules in the
catalytically active enzyme-substrate complex.112 On photoacti-
vation of the substrate in the complex with the protein, a covalent
complex was produced. An increase in the reaction time led to the
appearance of yet another conjugate. The mobility of the new
covalent complex in the polyacrylamide gel corresponds to a
macromolecule with a molecular mass approximately twice as
great as that of a single Nael subunit. The covalent attachment
after additional irradiation time probably resulted in the attach-
ment of a second enzyme molecule to the substrate. This finding
constitutes yet another confirmation of the fact that the restriction
endonuclease Nael binds to two substrate molecules in the form of
a dimer.

The covalent attachment of nucleic acids to proteins on
exposure to laser radiation provides even greater possibilities for
the indirect study of the mechanism of the protein-nucleic acid
interaction. Because of the very short duration of the pulse, it is
possible to determine the physicochemical parameters of the
protein-nucleic acid recognition — the binding constant.101 The
method based on the 'freezing' of the equilibrium states has been
used101 for the protein coded for by the 32 gene of the bacter-
iophage T4 (gp32). This protein binds preferentially to single-
stranded DNA. Since during the duration of the pulse there is
insufficient time for the protein to pass from one conformational
state to another, the yield of the covalent attachment is propor-
tional to the amount of the protein-nucleic acid complexes
existing at the given instant, which is determined by the complex
formation constant. The dependence of the yield of the product of
the covalent attachment on the formation constant of a complex
between gp32 and oligo(dT) (known from the literature) was
found and the equilibrium constants for other analogous systems
were calculated (for example, for the equilibria between gp32 and
shorter oligonucleotides, for the same complexes in other buffer
solutions, and for the analogous proteins of the same system of the
bacteriophage T4). Since the yield of the product of the covalent
attachment of gp32 to (dT)n increases in jumps as a function of the
length of the oligomer (up to n = 7, there is virtually no covalent
attachment of gp32 to the oligodeoxyribonucleotide, while at
n = 7 the yield of the adduct increases sharply), it has been
suggested that the minimum area for the deposition of the protein
gp32 on DNA corresponds to seven nucleotide residues. The
repeated increase in the yield of the covalent adducts for n which is

a multiple of seven confirms this hypothesis, since the deposition
of two gp32 molecules on the oligodeoxyribonucleotide now
becomes possible.101

Hockensmith et al.102 chose as the objects of study the proteins
coded for by the genes 44 (gp44), 45 (gp45), and 62 (gp62) of the
bacteriophage T4, which require nucleotide cofactors as well as
Mg2+ ions. In the absence of gp45 and also at its low concentra-
tions, DNA forms preferentially covalent adducts with gp44, but,
starting from the equimolecular ratio of gp45 and the complex
gp44/gp62, the effectiveness of the affinity modification of gp62
increases. Since the protein gp45 has a DNA-dependent ATPase
activity, the influence of gp62 on the kinetic parameters of the
functioning of gp45 was demonstrated. The nature of the depend-
ence of the covalent attachment of gp44 and gp62 on the gp45
concentration indicates a conformational rearrangement of the
DNA-recognising system of the bacteriophage T4 for the equi-
molecular ratios of all the components. Knowing the yields of the
products of the covalent attachment of the proteins considered to
(dT),6, (dT)2o, (dT)16 (dA)M, (dA)16 • (dT)2o, and (dT^o • (dA)zo,
simulating single-stranded DNA, the complexes of the primer and
the template, and DNA duplexes with 'blunt' ends, it is possible to
determine the disposition of gp32, gp45, and gp62 on the primer,
on the template, or on the primer-template complex.

Summarising the foregoing, one should note that a change in
the effectiveness of the affinity modification of nucleic acids by
proteins reflects conformational transitions and also more com-
plex multisubunit interactions of the latter.101

Vm. Conclusion
Thus the application of the affinity modification method leads to
extensive possibilities for the analysis of the structures and
mechanisms of the functioning of the proteins interacting with
nucleic acids. The principal requirements which must be met by
the procedure involving the covalent attachment of a protein to
nucleic acids is the creation of optimum conditions for the
protein-nucleic acid recognition. The modifications carried out
must not distort seriously the structures of the components of the
complexes and hence affect the process involving the recognition
of nucleic acid analogues by nucleic acid-specific proteins. In our
view, the most promising in this sense are the bromo- and azido-
substituted nucleic acid analogues as well as nucleic acids contain-
ing an activated internucleotide phosphate group. The moderate
reactivity of such compounds ensures the specificity of the
covalent attachment, since the reaction with the protein becomes
possible by virtue of the mutual approach of the reacting centres
of both components of the complex.
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Abstract. The mechanism of bacterial synthesis of polymers and
copolymers of hydroxyalkanoic acids is described. The structural
and physicochemical properties of polymers obtained by biosyn-
thesis are identical to those of the polymers obtained by polymer-
isation of lactones. Polymers and copolymers of hydroxyalkanoic
acids are readily crystallisable flexible-chain polymers, capable of
forming films and fibres when the degree of polymerisation is
higher than 500-600. These compounds are biodegradable. The
rate of biodestruction, which leads mainly to oligomeric products,
depends on the chemical nature of the compound, on the degree of
tacticity in the polymeric chain, and on the degree of ordering in the
polymeric substrate. The bibliography includes 105 references.

I. Introduction
The increase in the production and consumption of various
polymeric materials has led to increased environmental hazard,
including the greenhouse effect. There are some other reasons for
this phenomenon, for example:

- the increase in the amount of organic fuel being combusted;
- the increase in the amount of organic raw materials being

processed to target products including processing of waste
materials;

- the decrease in forest area due to the increase in tree-felling
and in the processing of wood;

- the accumulation of waste polymeric materials incapable of
biodegradation.

Therefore, the challenge arises to develop new energy-saving
methods for the synthesis and processing of polymers accompa-
nied by minimal amounts of CO2 discharged to the atmosphere.
This problem can be solved, for example, by developing biotech-
nological processes for the synthesis of film-forming and fibre-
forming polymers.

Conventional technological schemes for the production of
basic polymers [for instance, cellulose, poly(ethylene terephtha-
late), polypropylene, polyhexanamide, and copolymers of acrylo-
nitrile] require 18 - 55 GJ of energy per ton of the product. Similar
energy expenditure is needed to isolate the target products of
microbiological synthesis; however, in this case, the amount of
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CO2 liberated decreases sharply, and the biomass obtained can be
included in the hydrocarb energy-chemical cycle.1

Among the film-forming and fibre-forming polymers that can
be synthesised using the microbiological approach, polyesters
based on hydroxyalkanoic acids are of considerable interest.
Recently, it has been found that some microorganisms are capable
of synthesising thermoplastic regular homopolymers and copoly-
mers of |3-hydroxyalkanoic acids containing C | - C n side groups.
Such polymers can undergo biodegradation at a controlled rate.

Comparison of the physicochemical properties of poly-
(hydroxyalkanoates) (PHA) synthesised by the microbiological
method with those of the PHA obtained by polymerisation of the
corresponding lactones demonstrated that they are identical,
although the primary structures of the polymers are somewhat
different. The characteristic features of the polymerisation of
lactones were analysed for the first time by Sazonov;2 later, studies
along these lines were continued.3"6 It should be noted that many of
the PHA synthesised proved to be biodegradable,7 which is very
important from the ecological standpoint. PHA are of considerable
interest as film-forming and fibre-forming polymers and also as
molecular plasticisers compatible with many synthetic and natural
polymers.

II. Microbiological synthesis of
poly(hydroxyalkanoates)

The target-directed synthesis of polymers based on hydroxyalk-
anoic acids and their lactones was undertaken for the first time by
Van Natta et al.8 At present, PHA can be obtained by ionic,
hydrolytic, radiation-induced, and UV-induced polymerisation or
copolymerisation of P-lactones, 8-lactones, and some other
lactones.2 Some PHA, for example, poly(e-hydroxyhexanoate)
[P(6HH)], are industrial products.

The possibility of using bacterial methods to synthesise PHA
was recognised more than 20 years ago, when the accumulation of
poly(3-hydroxybutanoate) [P(3HB)] granules in the cytoplasm of
the Alcaligenes eutrophus bacterium was observed. It was shown
that this polymer acts as a reserve compound, i.e. as a source of
carbon and energy, for this bacterial culture.9*''

The bacterial P(3HB) is a high-molecular-weight (Afw > 105),
readily crystallisable, thermoplastic, biocompatible, and biode-
gradable polymer.12 The industrial production of this polymer
based on biotechnological processes using A. eutrophus u and A.
latus14 bacteria was established by the ICI company (UK). By
now, procedures for the preparation and properties have been
reported for many other polymers built of units of the general
formula ~[O-CH(R)-CH2-C(O)]~, where R is a (C , -Cu)
saturated,15"17 linear unsaturated,18"19 or branched unsaturated
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alkyl,19 haloalkyl,20"22 or aryl23 radical. It has been shown that
microbiological synthesis can be used for the preparation of thermo-
plastic aliphatic polyesters not only from (J-hydroxycarboxylic
acids, but also from a-,24 y-,25-26 and 5-hydroxycarboxylic acids.

1. Synthesis of poly(hydroxyalkanoates)
Biosynthesis of homopolymeric and copolymeric PHA by various
bacterial strains has been studied in detail by many researchers
(Table 1).

Table 1. Bacterial synthesis of various homopolymeric and copolymeric
PHA.

Strain

Alcaligenes eutrophus

Alcaligenes latus

Pseudomonas oleovorans

Polymer

(3HB)
(3HB-co-3HP)
(3HB-co-4HB)
(3HB-co-3HV)
(3HB-CO-5HV)

(3HB-CO-3HP)

(3HO)
(3HH-CO-3HO)

Ref.

27
24
26,28-30,35
14, 17,31,32
33

34

18
22

Note. 3HP is 3-hydroxypropionate, 4HB is 4-hydroxybutyrate, 3HV is
3-hydroxyvalerate, 5HV is 5-hydroxyvalerate, 3HH is 3-hydroxyhexa-
noate, and 3HO is 3-hydroxyoctanoate.

The physicochemical and structural characteristics of PHA
obtained using different bacterial strains are very similar.

The biosynthesis pathway of PHA has been considered in
detail in relation to the generation of P(3HB) by the A. eutrophus
culture. l7'28>31 The block diagram of this process is shown in
Fig. 1. The formation of aliphatic acids and their derivatives in
organisms is known36 to result from the metabolism of carbohy-
drates, and the first stage of their formation is one of the last stages
of the biodegradation of monosaccharides. The hydroxy-acids
thus obtained are subsequently biopolymerised.

Nucleic acids

Nucleosides

* Enzymes

to
Carbohydrates

Poly(hydroxyalkanoates)

Figure 1. Block diagram of the biosynthesis of poly(hydroxyalkanoates).

The metabolism of carbohydrates occurring with the active
participation of the nucleotide adenosinetriphosphate leads to the
formation of the compound

N

O O ^ N

CH2 —O—P-O—P-O-CH2

C(CH3)2 O- O-

CH(OH)

(CNHCH2CH2)2SH 6 OH

o-

coenzyme A (CoA-SH). The acetate of this coenzyme [CoA-
SC(O)CH3] plays an important role in the synthesis of poly-
(3-hydroxybutanoate).

P(3HB) and other bacterial PHA are synthesised at 30-35 °C
via a series of heterogeneous reactions occurring on the surface of
enzymes (Fig. 2).27 Recently, blocks of DNA codons responsible
for the synthesis of these enzymes have been determined.29'30'33

The mechanism of the action of the corresponding enzymes on the

H2O

-S-C-CH 2 -CH-O—Pa

O CH3

:H3

CoA —SH -HO—CH —CH2 —CO —S — CoA

S C—CH2-CH—O—P

OH
I I

-S C - C H 2 - C H - O — P a

O CH3
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H O—CH—CH3

-S— - C—CH2-CH—O—Pa

O CH3

Pa is poly(oligo)hydroxyalkanoates.

Figure 2. Scheme for the enzymic synthesis of P(3HB) with participation of D-( — )-3-hydroxybutyryl — CoA.

H O—CH—CH3

-S C—CH2-CH—O—P a

O CH3
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dynamics of the synthesis and depolymerisation of P(3HB) has
also been considered.37 The polymerase generated by A. eutrophus
was found to be a polypeptide with A/w = 63 940 containing five
cystine units, three of which ensure the conformational stability of
the enzyme and the other two provide the binding of a hydroxy-
alkanoic acid molecule on the enzyme surface through the HS
groups (Fig. 2). The scheme for this process in relation to the
synthesis of P(3HB) is presented in Fig. 3. In the first stage, the
enzyme 3-ketothiolase catalyses the reversible condensation of
two CoA - SC(O)CH3 molecules to give the acetoacetyl derivative
Co A - SC(O)CH2C(O)CH3.

In the second stage, the NADPH-dependent enzyme, aceto-
acetyl-CoA-reductase (hydrogenase), catalyses the reversible
reduction of the acetoacetyl derivative of coenzyme A to D-( — )-
3-hydroxybutanoyl - CoA.

The third stage involves a reversible redox reaction catalysed
by the NAD-specific dehydrogenase, in which the L-form of
3-hydroxybutanoic acid arising via an independent pathway is
converted into the acetoacetyl derivative. The reaction mixture is
thus 'fed' with the monomer.

In the fourth stage, the enzyme P(3HB)-polymerase (synthase)
catalyses the heterogeneous stereospecific synthesis of P(3HB).
The activity of the P(3HB)-polymerase remains virtually invari-
able during the synthesis of the polyester.

In the fifth stage, depolymerisation of P(3HB) to D-(-)-3-
hydroxybutyric acid can occur under the action of the enzyme
P(3HB)-depolymerase.

The sixth stage involves the oxidation of the hydroxy-acid with
NAD-specific-dehydrogenase to acetoacetic acid, which reacts in the
seventh stage with CoA-SH to give CoA-SC(O)CH2C(O)CH3.

Evidently, the acetoacetyl derivative of coenzyme A arises as
an intermediate both in the synthesis and in the biodegradation of

Monosaccharide
(fructose)

TCA-ring

CH3CH2CH2COOH

CoA SH — I,—ATP

J^-^AMP + PPi

CH3CH2CH2COS CoA

ED

CH3COS —CoA

CoA SH

EDH 2 -

CH3CH=CHCOS—CoA

H2O — ^

NADH NAD* Q H

CH3COCH2COS—CoA * ^ < * » L-CH3CHCH2COS—CoA

NADPH

NADP +

1
<*> V.

2

NADH

rNADPH

NAD +

AMP + PPi

ATP J

D-CH3CHCH2COS—CoA

OH

CoA SH •

4

P(3HB)

CH3COCH2COOH

NADH x f

1 6
NAD+ ' \

OH

D-CH3CHCH2COOH

Figure 3. Scheme for the biosynthesis and biodestruction of P(3HB)27

(fructose and butyric acid as the medium); PPJ is the amide of nicotinic
acid; 'TCA-ring' is the ring of tricarboxylic acids; and ED is the
dehydrogenase.

g(mass%) 10"4Mn

60

40

20

20 40
Time/h

60 80

Figure 4. Dynamics of the synthesis of P(3HB) (Q is the polymer yield)
with the Alcaligenes eutrophus bacteria (1), and of the variation of the
molecular weight (Mn) of the polymer (I).21

P(3HB). The dynamics of the synthesis of P(3HB) and of the
change in the molecular-mass characteristics of the resulting
polyester are illustrated in Fig. 4.

The sequence of chemical transformations occurring during
the biosynthesis of P(3HB) includes three stages:

The generation of the polymeric chain:

k
E—SH + D-CH3CH(OH)CH2COS—CoA - L > -

— - D-CH3CH(OH)CH2COS—E + CoA—SH.

The growth of the macromolecule:

(3HB)n_2OCH(CH3)CH2COS—E +

kg
+ D-CH3CH(OH)CH2COS-CoA -?-*-

—*• (3HB)n_!OCH(CH3)CH2COS—E + CoA—SH .

The termination of the polymeric chain:

kt
(3HB)n_,OCH(CH3)CH2COS—E + H2O —*-

—*• (3HB)nOH + E—SH .

Here, E is the enzyme and £,, kg, and kt are the rate constants for
the chain generation, chain growth, and chain termination,
respectively. All three stages are considered as pseudo-first-order
reactions.

Under the isothermal conditions of the synthesis, the rate
constants k% and kt depend on the presence of monomeric carbon
sources in the culture medium in which the bacterial strains are
grown. As applied to the biosynthesis of P(3HB), this is illustrated
by the following data:27

Content/g dm ~3

Fructose

5
10
20

Butyric acid

5
10
20

Rate constants/h~

l(fike

5.8
6.6
6.0

11.2
8.0
4.4

1

102fe,

28
28
72

116
58

150
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r ? CH3 t
HOCHCH2C — OCHCH2C OCHCH2COOH

J W

CH3

Scheme 1

HOROH

CHCH2C — OCHCH2C - — OCHCH2COROCCH2CHO—^CCH2CHOJ— CCH2CH-OHHOCHCH2C

HOROH = HOCH2C =CCH 2 OH, HO(CH2)4OH, HOCH2C(CH3)2CH2OH, c«-HOCH2CH=CHCH2OH.

With the assumptions that the duration of the chain genera-
tion stage is much shorter than those of the other stages of the
synthesis and that the number of enzyme molecules remains
constant during the synthesis, the overall kinetics of the synthesis
can be described by the following equation:

[E]+kt[E}t' (1)

where Pn is the number-average degree of polymerisation, Rg is the
rate ofthe polymeric chain growth, Rg = fcg[E];.Rt is the rate ofthe
polymeric chain termination, Rt = kt[E]; and [E] is the concentra-
tion of the polymerase. All the kinetic parameters of the process
are assumed to be constant during the synthesis. It is clear that the
number of P(3HB) molecules produced over the period of time t is

N, = ke[E}tP-l = [E}+kt[E}t. (2)

It follows from equation (2) that [E] can be evaluated from the
plot of iVt against t by extrapolating the Nt value to the region
t -* 0. It was found that the concentration of the polymerase [E]
does not depend on the nature and on the initial concentration of
monomeric carbon sources present in the culture medium.
Calculations showed that the number of P(3HB)-polymerase
molecules is 18 000 per cell.

The accumulation of the polymer in the biomass reaches
75 mass%. Initially, products with A / w = 2 x l 0 6 are formed;
however, during the polymerisation, the Mw value decreases to
6 x 105, whereas the polydispersity of the polymer remains
virtually invariable during the whole enzymic cycle: Mv/Mn =
2.0 ± 0.2. When carbohydrates, hydrocarbons, and acids are no
longer present in the culture medium, biodegradation of the
polyester begins.

2. Biosynthesis of copolymers of poly(hydroxyalkanoates)
The composition and properties of copolyesters obtained by
copolymerisation of various hydroxyalkanoates depend only
slightly on the bacterial strain chosen. However, the introduction
of various monosaccharides as well as alkanes,18 alkenes,18-33

alkanoic acids,16-40-41 or alkenoic acids19-42 into the culture
medium makes it possible to achieve the reproducible synthesis
of various PHA copolymers (Table 1). The biosynthesis of poly-
(3-hydroxybutyrate-co-3-hydroxypropionate) [P(3HB-co-3HP)],
containing 0% to 80% of 3HP units, has been reported.26 The
structure and physical properties of the P(3HB-co-3HP) copoly-
mers were studied by 'H and 13C NMR spectroscopy, X-ray
analysis, gel-permeation chromatography, differential scanning
calorimetry (DSC), and dielectric and dynamic mechanical
spectroscopy.

In the primary structure ofthe copolyesters obtained, the 3HB
and 3HP units were distributed randomly along the polymeric
chain; the molecular weight of these copolymers lies in the range
( l . l -3 .5)xl0 5 .

Statistical P(3HB-co-4HB) copolymers with compositions
varying over the whole range have been obtained by adding
4-hydroxybutyric acid, butane-1,4-diol, and y-butyrolactone to
the culture medium.25-26 The biosynthesis of P(3HB-co-3HV) has
been carried out, and characteristic features of its primary
structure have been studied.9-43~48

Copolymers of PHA containing brominated repeating units
(up to 2 -3 mass%) have been prepared22 by cultivation of
Pseudomonas oleovorans in culture media containing co-bromoalk-
anoic acids and octanoic and nonanoic acids. It was noted that in
the presence of a bromoalkanoic acid alone, the synthesis of PHA
does not occur.

CH3

(CH2)5

OCHCH2C

O

CH3

(CH2)4

OCHCHjC

O

Br

T
OCHCH2<

c

1

Br

(CH2)3

OCHCH2C--.

0

The proportion of bromine-containing units in the PHA remains
virtually constant during the synthesis, whereas the yield of PHA
initially increases and then decreases asymptotically as the content
of carboxylic acids in the culture medium decreases.

The distribution of different units along the chain in all the
copolymers of PHA studied is described adequately in terms of
Bernoulli probability statistics, and the mole fractions of the
copolymers in the polymeric product are described by the
Leibnitz formula. For example, the following polynomial is valid
for the estimation of the distribution of units in P(3HV-co-3HH-
co-3HU), where 3HU is the residue of 3-hydroxyundecanoic
acid:49-50

(3)

Pi is the mole fraction of a comonomer; /"HV, -PHH,. and PHU are
the mole fractions ofthe corresponding comonomers in the PHA.

The polynomial coefficients x, y, ... z in the formula (3)
characterise the number of probable combinations ofthe units in
the copolymer. The legitimacy of this approach to the description
of the primary structure of the macromolecules of PHA copoly-
mers has been confirmed by computer analysis.

Block copolymerisation opens up additional opportunities for
varying the primary structure of the PHA. A variant of such
synthesis has been described.51-52

The synthesis of a (3HB)X block copolymer is shown in
Scheme 1, and the synthesis of a polyurethane is presented in
Scheme 2.

HO—(3HB)* -~OH-
OCN(CH2)6NCO

Scheme 2

O o

—O~~ (3HB)* — OCNH(CH2)6NHCO~~ (3HB)* — O~~

The resulting PHA derivatives exhibit elastomer properties
over a fairly broad temperature range and are biodegradable.

The possibility of the enzymic synthesis of high-molecular-
weight block copolymers of aliphatic polyesters has recently been
considered.53
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III. Structure and properties of
poly(hydroxyalkanoates)
The possibilities for technical application of PHA depend on the
sum of their physicochemical characteristics and on the physico-
mechanical properties of the polymeric materials based on them
(films, fibres). The presence of the ester bond in the polymeric
chain and weak interchain interaction account for a series of
specific properties of these polymers. Some physicochemical
properties of fibre-forming polymers with Mn = 2x 104 based on
poly(e-hexanamide) [P(6HA)] and poly(e-hydroxyhexanoate)
[P(6HH)] are presented in Table 2.

Table 2. Glass transition temperature (7"g), melting point (Tm), density,
and heat capacity at 25 °C of P(6HA) and P(6HH).54

Polymer

P(6HA)
P(6HH)

52
- 7 0

/"C

220
69

, 2 5 / k g m - 3

amorphous
state

1090
1081

crystalline
state

1230
1200

/kJkg

1.512
1.343

-iK-i

The polymeric chains of poly(hydroxyalkanoates) are mark-
edly more flexible than those of the analogous polyamides. PHA
obtained by both chemical and microbiological methods are
readily crystallisable thermoplastic materials.48 Some physico-
chemical characteristics of various homopolymericPHA are given
in Table 3. These polymers are readily soluble in dichloromethane,
dimethylformamide, and some other solvents. The specific
features of the supermolecular organisation of a polymeric
substrate, including its self-ordering (crystallisation), depend on
the special conditions of its synthesis5 or biosynthesis,7-55> 59 on
the tacticity of the primary structure of the macromolecules,7 and
on the conditions of annealing.60-61

For example, rapid cooling of P(3HB) melts leads to its
transition to the amorphous state.62 However, this polymer
readily crystallises, the rate of the accumulation of the crystalline
phase being substantially dependent on the temperature of
crystallisation (Fig. 5); more precisely, the rate at which spher-
ulites grow increases with temperature and passes through a
maximum at Tc = 80-90°C. Crystallographic characteristics of
P(3HB), P(3HV), and of P(3HB-co-3HV) copolymers of various
compositions have been reported.32 The influence of the degree of
crystallinity of PHA on the structural and mechanical properties
of these thermoplastic elastomers has been considered.63 These
polymers exhibit highly elastic properties both above and below
the temperature range of transition to the plastic state (TV).54

When the polymeric substrate is heated above Tp, the proportion

Table 3. Physicochemical properties of poly(hydroxyalkanoates).

Polymer

P(3HB)
P(3HB)
P(3HV)
P(3HO)
P(4HB)
P(6HH)C

P(10HD)d '
P(3H3MB)e

rc
15-16

4.0 to -4 .5
- 1 9 to - 2 0
- 3 5 t o - 3 7
- 5 0 to - 5 1
- 6 9 t o - 7 0
- 7 7 to - 7 8

76 to 77

rc
184
176
107
55
54
63
68

245

T a
1 me
rc
62
57
50
30
20
25
27

120

P2S
/kgm-3

1193.4
1171.2
1159.7
1098.1
1184.2
1149.3
1063.2
1221.5

a/io3 b

(Jm-3)i

19.57
19.12
19.45
19.29
20.01
20.15
19.32
22.28

* 7"mc is the temperature at which the rate of crystallisation is a maximum;
b5 is a solubility parameter; CP(6HH) is poly(6-hydroxyhexanoate),
dP(10HD) is poly(lO-hydroxydecanoate); eP(3H3MB) is poly(3-
hydroxy-3-methylbutyrate).

io-3 -

rc/°c

Figure 5. Influence of the temperature of crystallisation (7"c) on the rate
of growth of spherulites (V) for P(3HB-co-3HV) copolymers; proportion
of the 3HV units, mass %: (7) 0; (2) 8; (3) 95; (4) 82; (5) 19; (<5) 71; (7) 34;
(«) 55.

of the highly elastic component in the total deformation decreases.
On cooling below Tp, the segments of the PHA macromolecules
are capable of self-ordering due to the formation of crystalline
domains. The appearance of the crystalline domains in the
amorphous PHA determines the effect of 'physical links' between
the chains in amorphous regions.

It has been suggested65 that the hardening of thermoplastic
elastomers occurring below Tp can be represented as a 'physical'
gel formation. In conformity with this approach, as the degree of
crystallinity (etc) of the polymeric substrate increases, the crystal-
line domains are converted into crystalline 'clusters'. The size
distribution of these 'clusters' is fairly broad. When the critical
level of self-ordering (ac) is reached, the polymer transforms from
the liquid state into the solid state, and the highly elastic
component of deformation somewhat decreases. This effect of
hardening of the PHA polymeric substrate is referred to as 'the gel
formation point' (GP), and its structure is defined as the 'critical
gel'. The above description of the hardening of readily crystallis-
able elastomers (PHA) is similar to that of 'chemical' gel forma-
tion studied in detail previously.66'67 It is clear that the GP
characterises the stage of molecular structuring, during which
Mn-> oo, i.e. the kinetic individuality of the chains is lost.

The crystallisation of PHA on cooling has been studied.65 The
dynamics of the variation of the modulus of elasticity G(t) (defined
as the ratio of the stress to the deformation at constant deforma-
tion), of the modulus G"{a>) (defined as the ratio of the stress
component that is in phase with the sinusoidally varying deforma-
tion component to the magnitude of this deformation), and of the
modulus of loss G"(a>) (defined as the ratio of the stress component
phase shifted by 90° with respect to deformation to the magnitude of
this deformation) were studied. At constant deformation ampli-
tudes, the G"(w) value is a measure of energy dissipation. Since G(f)
and G'ico) correspond to the stored elastic energy and since the
dynamic change at frequency co is qualitatively equivalent to the
change in the nonequilibrium properties at t = a> -l, the G(t)-t and
G'(a>)-a> dependences plotted in logarithmic coordinates are, to a
first approximation, mirror images with respect to the modulus axis
of the corresponding plots describing stress relaxation.68

According to Winter and Chambon,69 in the GP region for
to < t < oo, one can write

G(t) = St~ (4)
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Here, S is the strength of the 'gel' and n is the 'relaxation
exponent'. These parameters are the characteristics of a critical
'gel'. At the point of gel formation, the relation
G'(co) ~ G"(w) ~ a" holds at 0 < <o <to '. In other words, the
above dependences plotted in logarithmic coordinates are similar.
The loss angle (5k) in the GP is independent of w. Since

then

tan = tangn). (5)

The latter dependence permits evaluation of the GP of
'physical' gels from tan <5k, which has been demonstrated in
relation to various crystallisable polymeric systems.70 A study of
these dependences for P(3HO) showed that the dynamics of
crystallisation of PHA depend substantially on the initial tem-
perature of the melt (7i) and on the temperature of crystallisation
of the amorphous polymer obtained by fast cooling (Fig. 6). For
example, at 15 °C and 20 °C, the crystallisation of a thermoplastic
P(3HO) elastomer occurs by the 'physical' gel formation mecha-
nism with the manifestation of the GP. However, crystallisation of
this polymer at 30 °C occurs by a different mechanism. When a
P(3HO) melt heated to 90 °C or above is abruptly cooled, the GP is
clearly manifested. At lower temperatures of the melt, no GP is
observed. Recently,71 kinetic and thermodynamic aspects of the
flexibility and self-ordering of P(3HO) macromolecules in a block
have been studied by means of 13C NMR spectroscopy. It should
be noted that the kinetic features of crystallisation of PHA of
identical compositions are somewhat different depending on
whether the polymer has been obtained by chemical synthesis or
by biosynthesis: in the latter case, the rate of self-ordering is
somewhat higher. This is believed 72 to be due to the plasticising
effect of the residual lipids and proteins present in PHA prepara-
tions isolated from the biomass.

The crystallographic lattice parameters of P(3HB-co-3HP)
specimens with compositions varying over the whole range have
been reported.34 It was shown that the rate of radial growth of the
copolymer spherulites, containing 11 mol % of 3HP units, under
isothermal conditions is approximately 100 times lower than that
for homo-P(3HB). Under the conditions of isothermal crystallisa-
tion, the degree of crystallinity of the polymeric substrate
decreases as the content of the 3HP units in the polymer
increases. The crystallographic lattice parameters remain almost
constant as the content of 3HB units increases up to 37 mol %.
Crystallisation and structural features of the crystalline phase of
P(3HB-co-3HV) copolymers have been studied.32-43-44-72-73 Crys-
tallisation of these copolymers has been investigated using films
obtained from both melts73"75 and solutions.43

lgG'(co);lgG"((u)/Pa

4 5 lgf/s

Figure 6. Variation of the G' (cu) (continuous line) and G" (to) (dashed
line) moduli as functions of the temperature of crystallisation of P(3HO);
75 = 90°C; co = 1 rads- 1 ; TJ °C: (1) 15; (2) 20; (3) 30.

Crystallographic characteristics of the P(3HB-co-3HV)
copolymers of various compositions are listed in Table 4.

Table 4. Structural characteristics of bacterial copolymers P(3HB-co-
3HV)."

Specimen

P(3HB)
P(3HB-co-19% 3HV)
P(3HB-co-34% 3HV)
P(3HB-co-55% 3HV)
P(3HB-co-71%3HV)
P(3HB-co-82% 3HV)
P(3HB-co-95% 3HV)
P(3HV)

Type of
the lattice

P(3HB)
P(3HB)
P(3HB)
P(3HV)
P(3HV)
P(3HV)
P(3HV)
P(3HV)

a AHo is the enthalpy of melting.

Parameters
of the lattice/ nm

a

0.573
0.580
0.604
0.953
0.960
0.959
0.958
0.952

b

1.315
1.330
1.353
0.995
1.004
1.008
1.017
1.008

c

0.596
0.599
0.600
0.559
0.558
0.560
0.558
0.556

(%)

73
54
52
60
64
65
68
-

dH0*

/Jg"1

130
115
92
95

111
128
128

-

When the content of a comonomer is low, the dynamics of
crystallisation of PHA copolymers and the structure of the
crystalline phase hardly differ from the corresponding character-
istics of the homopolymers. In this case, the units of the
comonomer act as 'defects' in the crystallographic lattice of the
polymeric substrate. However, in some cases, when the distinc-
tions between the sizes and structures of different units are small,
the effect of isomorphism is observed.76 The ability of the P(3HB-
CO-3HV) copolymers to form common crystallographic lattices
over a wide range of comonomer ratios has led Bluhm et al.44 to
the hypothesis of diisomorphism, i.e. of the possibility for 3HV
units to be incorporated in the crystallographic lattice of P(3HB)
and for 3HB units to be incorporated in the lattice of P(3HV). This
conclusion was made in a study of the isothermal crystallisation of
PHA copolymers in the temperature range from 0 °C to 80 °C by
high-resolution 13C NMR spectroscopy. It was found that an
increase in the temperature of crystallisation results either in a
decrease in the degree of crystallinity of the polymeric substrate,
when the content of the 3HV units is low, or in its increase, when
the content of these units is high (> 50%), which is in agreement
with the Bluhm hypothesis.77 The rate of radial growth of
spherulites of P(3HB-co-3HV) of various compositions in the
temperature range from 0°C to 120 °C is shown in Fig. 5. The
maximum rate of growth of the copolymer spherulites is lower
than that for P(3HB) and is observed at lower Tc values. It is
noteworthy that the physical characteristics of these copolymers
depend on the stress of the polymeric material (Table 5).

Table 5. Crystallinity and melting points of P(3HB-co-3HV).

Specimen

P(3HB)

P(3HB-co-7% 3HV)

P(3HB-co-21%3HV)

P(3HB-co-27% 3HV)

Defor-
mation,

eo (%)

0

0
4
9

0
4
9

0
4
9

TJ°C

DSC

179

155
154
154

121
123
121

—
114
112

IGC

-

-
159
156

—
-

125

—
117
113

ac(%)(25°C)

DSC,
AH/AH,

59

53
49
51

32
35
31

28
23
24

X-ray
) analysis

64

64
-
-

62
-
-

63
-

IGC

-

68
-
-

65
-
-

60
-
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A study of the mechanism of crystallisation of P(3HB-co-
3HV) carried out by DSC and by inverse gas chromatography
(IGC) has shown74 that the melting point of the copolymers
decreases with an increase in the content of 3HV units even in
the case where the degree of crystallinity remains the same.
Apparently, the differences between the melting points (Tm)
determined by DSC and IGC are due to the differences in the
morphology of PHA specimens. The authors cited74 believe that
the evaluation of the crystallinity of PHA specimens from their
density, which has been proposed in another study,78 does not
permit one to obtain correct characteristics of the self-ordering of
these polyesters.

The physicochemical and mechanical properties of P(3HB-co-
4HB) copolymers have been studied over the whole range of
comonomer ratios.26 Some physicochemical characteristics of
these copolymers are given in Table 6.

Table 6. Physicochemical properties of copolymers P(3HB-co-4HB).26

lower the Tma value. The following results were obtained for
~[OCH2-C(CH3). .(R)C(O)]n~ polymers:

R Tmdl °C

Proportions
ofcomonomers
(mol %)

(3HB)

100
94
90
72
15
10
6
0

(4HB)

0
6

10
28
85
90
94

100

10"3Mn

768
494
395
252
168
327
315
93

1.9
2.1
3.0
2.6
3.7
2.1
3.0
2.4

'Mn Tc

rc

4
- 1
- 3

- 1 2
- 3 4
- 4 4
- 4 6
- 5 0

rc

177
162
159

—
46
48
48
54

AHo
/ Jg" 1

130.0
96.2
80.1
—
62.3
70.2
86.2
89.7

59 ±5
56±5
46±5
23 ±5
29±5
—
42 ±5
-

Copolymerisation may lead to a sharp decrease in Tm, in the
enthalpy of self-ordering AHo, and in the degree of crystallinity of
PHA (ac). The mixed amorphous and crystalline nature of the
polymeric substrate (for both homopolymeric and copolymeric
PHA) has been illustrated by the results of studies of the
temperature dependences of relaxation spectra.34-39-62-79 The
apparent activation energy of the relaxation processes (A£a) is
~ 180 kJ mol - ' (see a published study 34). The thermal stability of
PHA depends largely on the primary structure of the polymeric
substrate. The dynamics of thermal decomposition of linear
polyesters of various structures have been analysed.80 A kinetic
model for the thermodestruction of PHA has been suggested.81 At
200-300°C this process can formally be described by the follow-
ing first-order equation:

Pn,l = Pnfi + kd'> (6)

where Pn0 and Pn<l are the number-average degrees of polymer-
isation of PHA at the beginning of the isothermal heating and
after a period of time t, respectively. The polydispersity of the
polymer hardly changes during the process: the ratio Mv/Mn

remains constant.
It has been shown that the thermodestruction decelerates as

Pn 0 decreases and that the mechanism of the process depends on
the presence of free terminal COOH groups; in the presence of
terminal COOH groups, the thermodestruction proceeds by a
thermal depolymerisation mechanism, the yield of the corre-
sponding lactone reaching 99% and that of oligomers being only
1%.82

Melts of poly(3-hydroxy-3-methylbutyrate) P(3H3MB), which
is a polyester with Tg = 76-77 °C and Tm = 245 °C (see Table 3),
are fairly stable under a nitrogen atmosphere up to 260 - 270 °C. As
for poly(3-hydroxy-2,2-dimethylpropionate P(3H2MB), it is ther-
mostable under these conditions up to 300 °C. The maximum rate of
thermal depolymerisation (rmd) of this polymer has been observed
at 450 °C.82 When the methyl group is substituted by an alkyl group,
the Tmd value decreases. The larger the alkyl side chain in PHA, the

CH3

CH2CH3

CH2CH2CH3
CH2C(CH3)3
CH(CH3)CH2CH3

-450
415
405
445
390

It has been found26 that when the P(3HB-co-94%4HB)
copolymer is kept under nitrogen at 100 °C, its Pn 0 value remains
constant. At higher temperatures, thermodestruction becomes
more intense, but the Mw/Mn ratio still remains virtually invar-
iant. The rate of the destruction (kd) [Eqn (6)] of P(3HB-co-
94%4HB) increases from 1.1 x 10~5 to 4.5 x 10~5 min"1 as the
temperature is raised from 150 °C to 180 °C. The thermodestruc-
tion of this copolymer in this temperature range is also described
as statistical depolymerisation. The temperature range in which
the thermal depolymerisation occurs shifts depending on the
primary structure of the PHA.

The physicochemical properties of films and fibres based on
PHA depend essentially on the primary structure of these poly-
esters and on their molecular-weight characteristics. By analysing
the 'load-elongation' curves recorded at 23 °C, Nakamura et al.26

have found the following parameters for P(3HB-co-94%4HB)
films: modulus of elasticity 5 MPa, rupture stress (Gr) 39 MPa,
ultimate elongation (eu) 500%. In relation to poly(l 1-hydroxyun-
decanoate), it has been shown83 that at Pn w 100, the formation of
films and fibres proceeds unsatisfactorily, whereas at Pn > 600,
high-strength fibrous and film materials can be obtained.

A systematic study of the sorption activity of films based on
bacterial P(3HB) toward vapours of various liquids has been
carried out.84 It has been found 85 that the presence of impurities in
a polymer has an influence on the supermolecular structure of the
polymeric substrate and thus leads to changes in moisture
absorption properties and in the thermal stability of the poly-
mer. It was shown85 that diffusion coefficients depend on the
vapour concentration and on the thermodynamic parameters of
the solvents. For example, the empirical dependence of the
diffusion coefficient of acetone on the concentration of its vapour
in the sorption of acetone by a P(3HB) film is described by the
formula - l n D = 9.97 c - ° 0 9 7 5 .

It has been shown in numerous studies that PHA possess a
remarkable compatibility (in solutions, melts, and in the solid
state) with various natural and synthetic polymers as well as
biocompatibility. However, since this property of PHA is largely
specific, it will be considered elsewhere.

IV. Biodegradation of poly(hydroxyalkanoates)

Studies performed at ICI86 have demonstrated the possibility of
effective biodegradation of high-molecular-weight P(3HB) in soil,
sea water, bottom-dwelling sediments, and aerobic and anaerobic
waste water. Sixteen strains of soil microorganisms were isolated,
which are capable of using PHA as an exogenous carbon source
and of producing extracellular depolymerases for this purpose.
Strains of Pseudomonas lemoigenes61'90 and Alcaligenes faeca-
lis91-92 bacteria can degrade P(3HB) to give trimers and tetramers
in the former case or dimers of 3-hydroxyalkanoic acids in the
latter case. Recently, PHA depolymerase has been isolated in a
pure state from the Penicillium funiculosum fungus,93 and the
degradation activity of this enzyme toward polymeric and copoly-
meric PHA has been demonstrated.94-95 As noted above, biode-
gradation of PHA begins when monomeric carbon sources
(monosaccharides, carboxylic acids and their derivatives) are no
longer present in the culture medium. During the biodegradation
of PHA, Pn and the content of PHA in the biomass decrease. At
the same time, the number of polymeric chains N, remains
virtually constant. This is due to the fact that the extracellular
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PHA-depolymerase is an exo-hydrolase, which destroys the
polymeric chain by cleaving the terminal units of 3-hydroxyalkan-
oic acids.27 Moreover, the polydispersity of the PHA polymeric
substrate remains virtually constant and lies in the range
Mw/Mn = 2.0 ± 0.3 even at fairly high degrees of conversion.

It has been found7'96 that soluble extracellular P(3HB)-
depolymerase produced by A. eutrophus can degrade native
P(3HB) granules to give monomeric D-(—)-3-hydroxybutyric
acid (see Fig. 2). However, information on the structure and
properties of this enzyme is quite scarce. It is believed that
P(3HB)-depolymerase is a serine esterase having active HO
groups.92'97 The following sequence of processes has been
proposed to describe the destruction of P(3HB) catalysed by this

2:27
enzyme:

E - O H + P(3HB)n

P(3HB)n_,OE

P(3HB)n_,0E + D-CH3CH(OH)CH2COOH,

— - P(3HB)n_, + EOH.

Here, E — OH is P(3HB)-depolymerase. A scheme for this hetero-
geneous process is shown in Fig. 7. According to a hypothesis,27

the terminal carboxyl groups in P(3HB) react with the positively
charged sites on the enzyme 'surface' to yield an active complex. In
the case where fructose and butyric acid are used as initial carbon
sources in the culture medium, the rate of anaerobic biodegrada-
tion of P(3HB) is illustrated by the following data:

Concentration Biodegradation rate
/gdm- 3 / g h - ' d m - 3

Fructose

5
10
20

Butyric acid

5
10
20

0.013
0.027
0.025

0.023
0.023
0.034

The rate of biodegradation of P(3HB) depends substantially
on the primary structure of PHA: structural regularity of the
chain, and the nature and the sequence of the units in the chain.

The influence of stereoregularity of P(3HB) macromolecules
on the dynamics of biodegradation of this polymer has been
studied.7 For this purpose, electrophoretically homogeneous
P(3HB)-depolymerase was isolated from the Penicillium funiculo-
sum fungus. The molecular weight of this protein was 38 000. The
protein had an isoelectric point at pH 5.8, and its maximum
hydrolytic activity was observed at pH 5.5-6.2 and at 30 to
35 °C.98 The rate of the biodestruction of PHA is substantially
higher than the rate of typical chemical hydrolysis of a polymeric
substrate under the same conditions.99"103

Stereoregular PHA were obtained by polymerisation of
stereoisomers of P-butyrolactone (BL) in the presence of ionic
catalysts according to the following scheme:

rt
O

) O
H3C

BL P(3HB)

The polydispersity of the resulting samples of P(3HB) was low
(Mw/Mn « 1.1-1.5), the proportion of isomeric units in the
copolymers ranging from 50% to 100%. The P(3HB)-depolymer-
ase isolated can catalyse hydrolysis of (/J)-P(3HB) but proves
inactive with respect to (S)-P(3HB).7 As the proportion of (R)-
3HB units in the (5,/?)-P(3HB) copolymer increases, the rate of
biodestruction increases and reaches a maximum when the
content of the (/?)-3HB units is 75 mol % (Fig. 8). Further
increase in the content of the (/?)-3HB units (to more than
90 mol %) results in a decrease in the rate of biodestruction.
Biodegradation of a P(3HB) copolymer containing (S> and (i?)-
units in a 1:1 ratio leads to oligomers with Pn= 3±l. The
biodegradation of PHA copolymers has also been studied by
other workers.95'104
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Figure 7. Scheme for the hydrolytic biodestruction of P(3HB) under the action of P(3HB)-depolymerase.v
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108KB/[H+]-(m2min)-

8.0

6.0

4.0

2.0

Table 7. Influence of the composition of P(3HB-co-3HP) on the crystal-
linity of the polymeric substrate (Oc) and on the loss of mass (Mp) of films
during biodestruction.34

0 20 40 60 80

Figure 8. Influence of stereoregularity on the rate of biodegradation of
P(3HB);7 /} is the content of the (/?)-isomer in the stereocopolymer
P(3HB), and VB is the biodestruction rate.

The ability of the extracellular P(3HB)-depolymerase isolated
from Alcaligenes faecalis to catalyse the hydrolysis of P(3HB-co-
4HB) copolymers at 37 °C in a 0.1 M phosphate buffer (pH 7.5) has
been studied.26 Data on the dynamics of the variation in the mass of
PHA films are shown in Fig. 9. As the content of the 4HB units in the
P(3HB-co-4HB) copolymer increases up to 28 mol%, the rate of
film destruction increases; however, when the content of the 4HB
units exceeds 85 mol %, the rate of destruction diminishes and
becomes lower than that in the case of homo-P(3HB).

The dependence of the rate of biodestruction on the composi-
tion of P(3HB-co-3HP) is presented in Table 7.

Biodestruction of the P(3HB-co-3HP) at 37 °C in a 0.1 M
phosphate buffer (pH 7.5) in the presence of electrophoretically
homogeneous P(3HB)-depolymerase isolated from Alcaligenes
faecalis has been studied.34 As the content of the 3HP units in
the copolymer increases up to 20 mol %, the rate of the surface
bioerosion of P(3HB-co-3HP) films increases. For higher contents
of these units, the rate of destruction of copolymers decreases
somewhat. The investigators believe34 that this is due to the
specificity of P(3HB) depolymerase.

The rate of the enzymic destruction of PHA has been studied
in relation to the P(3HB-co-3HH) copolymer.105 The influence of
the primary structure of the macromolecules of PHA copolymers
on the dynamics of biodestruction has been illustrated by Hori
et al.51 The films of polyurethanes synthesised from PHA blocks,
various diols, and hexamethylene diisocyanate and having

PHA

P(3HB)
P(3HB-co-7% 3HP)
P(3HB-co-ll% 3HP)
P(3HB-co-20% 3HP)
P(3HB-co-37% 3HP)
P(3HB-co-43% 3HP)

M%)

60±5
43 ± 5
41 ± 5
28 ± 5
19±5
16±5

Mp(%)

5.1 ±1.7
17.2 ±3.4
21.7 ±3.4
31.7±5.1
26.6 ±3.4
26.3 ± 3.4

Figure 9. Dynamics of biodestruction of P(3HB)-co-4HB films in aque-
ous dispersions of P(3HB)-depolymerase at 37 °C and pH 7.5; proportion
of (4HB)-units in the copolymer, mol %: (/) 28; (2) 10; (3) 6; (4) 0; (5) 85;
(6) 94; Mp is the mass loss.

Mn = 1.98 x 105 and Mw/Mn = 2.0 lost about 70% of their mass
following the biodegradation at 30 °C for four weeks, whereas the
PHA polymer itself was depolymerised by 93%. The variation of
the rate of biodegradation of PHA copolymers as a function of the
copolymer composition is due to the difference in the degree of
structural ordering of the polymeric substrates: as the degree of
crystallinity decreases, the rate of destruction increases (see
Table 7). Analysis of the biodegradation dynamics makes it
possible to conclude that this process is governed by both the
specificity of PHA depolymerase and the ordering of the struc-
tural elements of the polymeric substrate.

Film-forming and fibre-forming PHA can be obtained by biosyn-
thesis in fairly high yields and with relatively low power consump-
tion. By varying conditions of the biosynthesis, one can alter the
composition and properties of the resulting compounds over a
wide range. Polymers and copolymers of hydroxyalkanoic acids
are readily crystallisable thermoplastic polymers with flexible
chains. They are capable of forming homogeneous mixtures with
various natural and synthetic film-forming and fibre-forming
polymers, which permits them to be used as high-molecular-
weight plasticisers and as diverse additives that change the
relaxation spectra of polymeric materials. The biocompatibility
of various PHA is also of considerable interest. Many homopoly-
meric and copolymeric PHA are biodegradable, which accounts
for the efficiency of their practical application for the development
of polymeric materials that are biodegraded at a controlled rate.

This work was supported by a grant of the International Soros
Science Education Program (ISSEP).
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Abstract. The data on new monosaccharides detected in
O-antigenic polysaccharides of Gram-negative bacteria have
been surveyed. The results of isolation and structure determina-
tion of these unusual monosaccharides have been arranged and
described systematically. The NMR spectroscopy techniques are
shown to be promising for the O-antigenic polysaccharides
structure determination. The information about fine structure of
monosaccharides which constitute the base of important class of
microbial polysaccharides, is of great significance for applied
studies, first of all, the design and synthesis of biologically active
substances. The bibliography includes 216 references.

I. Introduction
Carbohydrate-containing biopolymers are among the major
components of the living cell where they play a role of building
blocks and energy donors and provide for the normal course of
some highly specific biological processes coupled with the specific
properties of the cell surface. Of those, the most abundant ones are
polysaccharides (PS) made up of monomeric units, i.e., mono-
saccharides. The biological functions of PS specifically correlate
with their structure. This structure-function relationship is
especially well-defined in PS localised on the cell surface of
Gram-negative bacteria. These PS determine the specificity of
cell interactions with the environment which reflects on the fine
immunochemical characteristics of the bacterium (serological
reactions), on the specificity of cell interaction with bacterio-
phages (phage transformation of the microbial cell) and host
tissues as well as on other highly specific biological processes.

The biological specificity of PS is determined by the peculiar-
ities of the molecular structure of these biopolymers which, in
turn, depends on the structure of the monomers (monosacchar-
ides) in the biopolymer, their sequence in the polymeric chain and
the mode of binding of the monomeric units. Whereas the first two
factors, the monomeric composition and the sequence of the
monomeric units, are not specific for the PS structure only but
also for the structure of proteins and nucleic acids, the last factor
determines the type of intermonomer binding and is unique to PS.
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This is due to the multifunctionality of monosaccharide residues
containing several hydroxy groups at chiral carbon atoms. The
existence of several hydroxy groups provides for the formation of
several sterically unique intermonomer glycosidic bonds, thus
giving rise to a complex (often branched) polymeric chain and
increases manyfold the possibility of variations in the structure of
PS built up from these monomers.

Another circumstance which greatly favours the existence in
Nature of a broad spectrum of polysaccharide structures is the
diversity of the monomeric units which may serve as building
blocks for the polymeric carbohydrate chain. Whereas the
diversity of nucleic acids is provided by only four nucleotides,
and the number of amino acids in most proteins does not exceed
12-15, the diversity of PS is provided by more than a hundred
monosaccharides and their derivatives.

Among the immense variety of PS isolated from natural
sources, the most diversified (as regards their structure and
monosaccharide composition) and most thoroughly studied are
the PS of the outer cell membrane of Gram-negative bacteria. The
primary structure of many of those has been established. These PS
are important constituents of complex biopolymers, the so-called
lipopolysaccharides (LPS)1 localised on the cell surface of Gram-
negative bacteria. Lipopolysaccharides consist of the lipid com-
ponent (lipid A) incorporated into the microbial cell outer
membrane, and the polysaccharide chain which, via a short
oligosaccharide (so-called 'core') is attached to the lipid. The
polysaccharide chain is exposed on the cell surface and is in direct
contact with the environment, thereby providing, together with
proteins, a unique pattern ('membrane mosaic') which determines
the ultimate specific characteristics of the bacterial surface.

These PS are somatic bacterial antigens generally termed
O-antigenic polysaccharides. They represent regularly arranged
block polymers which only in rare instances occur as homopoly-
mers but are usually composed of repeating oligosaccharide units,
each of which contains 2 to 8 monosaccharide residues.2 It may
appear that such block organisation of the biopolymer restricts
the number of plausible structures of O-antigenic PS. However,
actually, because of the above peculiarities (great diversity of
intermonomer glycosidic bonds, possibility to form branched
chains and a great number of structurally distinct monosacchar-
ides or their derivatives), the number of plausible structures of
oligosaccharide units (and, consequently, of corresponding PS) is
enormous amounting to tens of thousands (even when the
polymer units are built up of only 3 - 4 monosaccharides).

It should be stressed that in contrast to PS of plant and animal
cells, which are as a rule built up of a limited number of the most
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commonly occurring monosaccharides, PS of microbial origin
contain a large number of less abundant monosaccharides often
detected exclusively in these biopolymers. Very likely, only anti-
biotics, many of which also contain unusual monosaccharides,
may effectively compete with their great diversity.

So far, the biosynthesis of monosaccharides present in PS,
including some structurally unusual ones, has been studied in
considerable detail. The pathways of formation of various mono-
saccharide structures from primary photosynthetic products have
been elucidated: these shed more light on the diversity of the
monomers utilised by microorganisms for the synthesis of the
O-antigenic PS chain. These data have been considered in the
review of Shibaev.3

In many cases structurally unusual monosaccharides or their
derivatives play the role of the immunochemical dominant group,
i.e., of the component that contributes most to the biological
specificity of PS. This becomes especially apparent when an
unusual component occupies the position of a side-chain sub-
stituent of the main linear chain of the biopolymer.

An example of a rare or even unique monomer of microbial PS
may be a monosaccharide containing unusual structural groups.
Their representatives in O-antigenic polysaccharides are deoxy-
hexoses, deoxyheptoses, aminodeoxy sugars, aminouronic acids
and nonulosonic acids carrying amino groups. In addition to well-
known O- and iV-acetyl monosaccharide derivatives and their
0-methyl ethers, O-antigenic PS have been found to contain,
highly specific for this class of biopolymers, O- or JV-acyl
derivatives formed by acylation of monosaccharides by hydroxy
or dihydroxy acids and amino acids. Another example of unusual
derivatives are amides of uronic acids, including those formed by
amino groups of amino acid residue. In current literature such
fragments are generally termed 'non-carbohydrate substituents'.
The monomers containing such unusual O- and iV-substituents
were mostly discovered during the last 10-15 years, and their
number is rapidly increasing. Their identification and localisation
in the polymeric chain is an indispensable part of the modern-day
structural chemistry of polysaccharides.

It is especially worth noting that the vast body of experimental
material obtained by analysis of the structure, chemical properties
and pathways of synthesis of novel monosaccharides (and their
non-carbohydrate substituents) present in O-antigenic PS has
been found to be extremely important not only for understanding
the nature of the biological specificity of carbohydrate polymers
but also for further progress in carbohydrate chemistry in general.
The data for novel, unusual combinations of functional groups in
the monosaccharide molecules have considerably expanded our
concepts of the reactivity and stereochemistry of monosaccharides
and culminated in the discovery of some novel reactions, giving a
new impetus to the elaboration of new methods of organic
synthesis. The availability of a great number of carbohydrates
differing in their structure has considerably enriched the method-
ological arsenal of NMR spectroscopy, for which these derivatives
served as perfect model compounds.

The present review is dedicated to the consideration of mostly
chemical aspects of the problem: it deals with isolation, determi-
nation of structure, identification and chemical properties of
novel unusual monosaccharides or their unusual derivatives
present in O-antigenic PS as monomeric units. In some instances
data are given about the same or structurally related monosac-
charides found in microbial PS unrelated to O-antigenic PS of
Gram-negative bacteria. Some of the data concern the synthesis of
certain monosaccharides. Such syntheses were undertaken with
the purpose of confirming their structure or obtaining a cor-
responding, not easily available monosaccharide or its derivative
in larger amounts needed for further analysis and application to
the solution of research problems or practical tasks. Of the
extensive body of synthetic material, we have focussed our
attention only on those syntheses that either have a fundamental
importance or are novel, effective and practical.

The data on the structure of PS themselves comprising these
monosaccharides have been reviewed in one of the recent reports 2

which also concerns the localisation and type of binding of the
monomers in the polysaccharide chain.

Earlier published reviews4""6 dedicated to O-antigenic PS
covered mainly biological and, particularly, microbiological
aspects.

II. General observations concerning isolation,
determination of structure and identification of
monosaccharides and their derivatives present in
O-antigenic PS
In order to determine the structure or to identify an unusual
component of the polysaccharide chain by comparison with an
authentic sample, the component is sometimes isolated in the
individual state as such, as one of its standard derivatives (e.g.,
acetate) or in a modified form (e.g., as a corresponding alditol).
However, the use of contemporary physico-chemical methods,
and in the first place, NMR spectroscopy, often permits a
conclusion about the structure of the unusual monomer directly
in the process of establishment of the structure of the PS itself by
using a non-destructive method. In recent studies identification of
an already known component of a PS is often performed during
the spectral analysis of PS by characteristic signals in the NMR
spectrum.

1. Isolation of unusual monosaccharides or their derivatives
The initial O-antigenic polysaccharide is obtained by selective
degradation of LPS routinely isolated by extraction of the micro-
bial mass with aqueous phenol.7 This is followed by mild acid
hydrolysis of LPS with dilute acetic acid, after which the
polysaccharide is isolated by a standard, specific for the given PS
procedure (for example, ion-exchange chromatography is effec-
tively used for PS containing acidic groups).'1'

After establishment of the presence of an unusual component
by conventional monosaccharide analysis of PS or by preliminary
analysis of its NMR spectrum, the isolation of the monosacchar-
ide in the pure state is achieved by acid hydrolysis of the PS
followed by chromatographic separation of the resulting mixture.
For a successful solution of this problem, two mutually exclusive
conditions often have to be met: (i) cleavage of the glycosidic bond
of the monomer to be isolated during its splitting off from the
polysaccharide chain, and (ii) avoidance of partial or even
complete degradation of the monomer upon hydrolysis. For
example, it is well known that monosaccharides containing one
or several deoxy units are unstable in acid media and, although the
glycosidic bonds of these monosaccharides are readily cleaved,
isolation of the corresponding monomers may pose serious
problems. At the same time, the glycosidic bonds of uronic acids
or amino sugars having a nonacylated amino group are distin-
guished by increased resistance to hydrolysis which largely
prevents the isolation of the corresponding native monomer in
the individual state.

This task is further complicated by the situation when a
complex monomer, a monosaccharide derivative containing a
non-carbohydrate substituent, is to be isolated. Clearly, in this
case the hydrolysis must not be accompanied by cleavage,
modification, destruction or rearrangement of the substituting
group. If after hydrolysis the unchanged non-carbohydrate
substituent can be successfully isolated and identified, a new
problem arises as to which monosaccharide of the polymeric
chain is concerned and how the substituent is bound.

t Examples of standard procedures for isolation and purification of
various types of PS can be found in the many-volume monograph
Methods in Carbohydrate Chemistry Vols I - I X (New York: Academic
Press, 1965-1993).
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The hydrolytic conditions used to isolate novel components of
PS may vary widely depending on the experimental goal. This is
pertinent to the choice of the acid (hydrochloric, sulfuric,
trifluoroacetic) and its concentration as well as the temperature
and duration of hydrolysis. Most commonly, the hydrolytic
conditions are selected experimentally, taking into account
preliminary data on the monosaccharide composition of the
biopolymer. Sometimes, for the isolation of an unusual compo-
nent, special conditions are applied which may not be suited for
achieving complete hydrolytic cleavage of the polysaccharide. In
other cases, acetolysis (treatment of PS with an acetic anhydride-
acetic acid mixture in the presence of sulfuric or another strong
acid, e.g., hydrochloric acid) is used instead of acid hydrolysis; in
this case monosaccharides are isolated in the form of full acetates.

Currently, solvolysis with anhydrous HF at reduced or room
temperatures is used for depolymerisation of polysaccharides.8

The distinctive feature of this method is that it cleaves the
glycosidic bonds without any effect on bonds cleaved by hydroly-
sis, e.g., amide bonds. In particular, the method is used effectively
to isolate complex derivatives of monosaccharides with their non-
carbohydrate substituents attached.

When an unusual monomeric component fails to be isolated, a
short oligosaccharide fragment (usually a disaccharide or a
trisaccharide) containing this monosaccharide is obtained. For
this purpose, in addition to selective acid hydrolysis, other
conventional procedures for partial cleavage of the polysaccha-
ride chain are used, such as oxidation with periodic acid (periodate
oxidation) with subsequent Smith degradation,9 and in some cases
deamination of an amino sugar present in the PS chain is carried
out.10 This simplifies considerably the determination of the
structure of the unusual component of a short oligosaccharide in
comparison with its identification within PS, mass spectrometry
and NMR spectroscopy being helpful tools in the process.

Chromatographic techniques are now being used almost
exclusively to isolate monosaccharides, their derivatives and
short oligosaccharide fragments from hydrolysates. Preliminary
qualitative estimation of the composition of the hydrolysate and
identification of an unusual component are carried out using
paper chromatography (PC) or thin-layer chromatography (TLC)
and by various modifications of liquid or gas-liquid chromatog-
raphy. On the basis of the preliminary data, the most appropriate
method is selected for preparative isolation of the desired
component (a monomer or an oligosaccharide).

2. Chemical methods used to establish the structure
With the development of physico-chemical techniques, classical
chemical methods used for establishing the structure of mono-
saccharides and their derivatives gradually lose their significance,
although some of them still remain practicable. If a previously
unknown monosaccharide was isolated in the pure state, its
structure can be determined by routine approaches commonly
employed in monosaccharide chemistry, such as methylation and
periodate oxidation, which had especially wide application at
early stages of microbial PS analysis. The first of these methods
(see Practical Guide' ') is based on the conversion of free hydroxy
groups of a mono-, oligo- or poly-saccharide into 0-methyl
groups. Their localisation in the resulting derivative by using
mass spectrometry makes it possible to establish the position of
other substituents, deoxy units, and details of the monosaccharide
structure.

Oxidation of a monosaccharide with periodate 9 results in the
cleavage of the carbon—carbon bonds between adjacent atoms
carrying hydroxy groups which prompts a conclusion about their
location and the presence of deoxy units in the monosaccharide.
Currently, this method is used widely for selective cleavage of the
PS chain with the ultimate goal of obtaining short fragments and
is followed by mild acid hydrolysis and reduction (Smith degrada-
tion) of the oxidised PS.9

Other chemical conversions used to establish the monosac-
charide structure involve deamination of amino sugars, as a result

of which the amino group is first deacetylated and the amino sugar
derived is treated with nitrous acid (see reviewl0). This reaction is
also employed for selective degradation of the PS chain.12*13 In
some cases other reactions of monosaccharides, e.g., conversion
of monosaccharides into anhydro sugars, lactonisation of uronic
acids, etc., may become helpful.

Sometimes, in order to identify a monosaccharide by compar-
ison with the authentic sample, the former is converted into its
derivative, e.g., 0-acetate or 0-trimethylsilyl ether. Reduction of
a monosaccharide with NaBFU to the corresponding alditol is
especially useful. The latter is converted into the acetate and
identified either by direct comparison with an authentic sample or
using mass spectrometric analysis.

To establish the absolute configuration of a monosaccharide,
this is converted into a glycoside by interaction with an optically
active alcohol (most commonly with butan-2-ol or octan-2-ol).
The absolute configuration of the initial monosaccharide is
inferred from the chromatographic mobility of the glycoside.

Chemical methods used to establish the structure of unusual
derivatives of monosaccharides are mostly confined to their
degradation into the constituent fragments: a monosaccharide
and a non-carbohydrate substituent. To this end, hydrolytic
cleavage of a hydroxy group or an amino acid group that is
acylating one of the hydroxy groups in the monosaccharide is
performed, after which the acid is isolated for further identifica-
tion. The substitution site in the monosaccharide is determined by
one of routine chemical or physicochemical methods.

It should be noted that at the present time such tasks, as well as
establishment of the structure of novel monosaccharides, are more
easily and effectively accomplished by application of physico-
chemical methods alone, while chemical methods are used in
counterflow syntheses of new monosaccharides or their unusual
derivatives for unambiguous and final identification. Synthesis of
novel monosaccharides is usually achieved by regio- and stereo-
selective transformation of one of the available monosaccharides
by methods routinely used in carbohydrate chemistry. Examples
of different syntheses of this sort will be given below.

3. Mass spectrometric analysis
One of the physicochemical methods used to study the structure of
sugars is mass spectrometry. The stipulation of the principles for
fragmentation of monosaccharide moleculesl4>15 and of alditols
derived by their reduction16> 17 using electron impact has made it
possible to use mass spectrometry for effective establishment of
their structure. Currently, the most commonly used is mass
spectrometry of alditols characterised by more simple and
unambiguous fragmentation of the molecule.

For this purpose, a monosaccharide or its derivative is reduced
with borohydride or, in special cases, with sodium borodeuteride.
This results in the formation of an alditol, in which the primary
alcohol group (which often comprises deuterium, CHD—OH,
providing the 'labelling' of the group essential for further elucida-
tion of the structure on the basis of the mass spectrum) cor-
responds to the aldehyde group of the original molecule. The
alditol thus obtained is converted into the full acetate which is
further subjected to mass spectrometry. It should be emphasised
that in the majority of cases this method permits the preservation
of the non-carbohydrate substituents present in the monosaccha-
ride and makes mass spectrometry a helpful tool for the analysis of
complex derivatives of monosaccharides.

Fragmentation of alditols by electron impact has been studied
thoroughly.18 In particular, a correlation has been established
between the relative ease of cleavage of the carbon-carbon bonds
in alditols and the nature of the substituent at the carbon atom. On
the basis of these data, standard procedures have been developed
for establishment of the structure of monosaccharide components
of PS (see reviews19-20).

The mode of degradation of carbon-carbon bonds in alditols
by electron impact appears to be especially informative in the
analysis of the structure of deoxy and aminodeoxy sugars as well
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as of monosaccharides containing non-carbohydrate substituents.
Such substituents (e.g., a residue of a hydroxy or an amino acid)
are also subject to fragmentation by well-known pathways and
easily identified, the fragmentation of the alditol skeleton indicat-
ing the position of the non-carbohydrate substituent.

Regretably, mass spectrometric analysis does not allow a
conclusion about the stereochemistry of the monosaccharide,
since the spatial arrangement of the substituents at the chiral
carbon atoms of the monosaccharide skeleton does not appre-
ciably influence the cleavage of the carbon-carbon bonds.
Numerous attempts to use mass spectrometry for determination
of the configuration of monosaccharides failed and, therefore,
NMR spectroscopy is now being used more frequently to establish
the polysaceharide structure.

4. NMR spectroscopy
NMR spectroscopy is the major procedure designed to establish
the structure of carbohydrates and structurally unusual mono-
meric components of PS. Sometimes, this method allows a
solution of this problem without isolation of monosaccharides in
the pure state, directly on the basis of the NMR spectrum of the
polysaceharide, and the establishment of the complete structure of
PS on the basis of the spectral data alone, i.e., by a non-destructive
approach.

Almost all presently known versions of 'H and 13C NMR
spectroscopy are used in polysaceharide chemistry; the use of each
of those modifications is defined by the specific goal to be sought
(see reviews21"26). The techniques based on the measurement of
nuclear Overhauser effects (NOE) in the 'H NMR spectra, which
allows a direct determination of the relative spatial position of
protons in the monosaccharide molecule, has acquired special
importance in recent years.

Among new approaches expressly designed to solve structural
problems of polysaceharide chemistry, special mention should be
made of computer analysis of 13C NMR spectra.24-27 This
approach is meant, primarily, for determining the type of binding
and the sequence of monosaccharide units in the polysaceharide
chain. However, it often appears to be a helpful tool for
elucidation of the structure of monosaccharides in PS, particu-
larly, for the determination of their configuration. Thus, this
method is now being widely employed for establishment of the
absolute configuration of the monosaccharide without its isola-
tion, i.e., directly within the polysaceharide chain.24 The method is
based on the determination of the magnitude of the so-called
glycosylation effects, i.e., changes in the chemical shifts of the
given carbon atoms in the 13C NMR spectrum depending on the
stereochemical features (including the absolute configuration) of
the neighbouring monosaccharide unit in the polymeric chain.

5. Other physicochemical methods
An important physicochemical constant used in the structural
analysis of sugar derivatives is the specific optical rotation. This
value is readily determined with a high degree of accuracy and
reproducibility and not only serves as an important criterion of the
purity of the preparation obtained but is also routinely used for
identification of the compound studied by comparison with an
authentic sample. The absolute configuration of the monosac-
charide under study as well as of oligosaccharides and other
derivatives containing this monosaccharide unit can also be
determined from the specific optical rotation; for this purpose,
the experimentally determined specific optical rotation is com-
pared with the theoretically calculated value for the given mono-
saccharide or its derivative using Klein's rule.28

In what follows, the description of individual representatives
of monosaccharides and their derivatives present in O-antigenic
PS will include concrete data on the use of the physicochemical
methods mentioned above; this is confined to a brief consideration
of only the most important spectral characteristics of the mono-
saccharide that are critical and sufficient for the elucidation of its
structure.

m . Unusual monosaccharides forming a part of
O-antigenic PS
1. Pentoses and hexoses
The majority of aldopentoses and aldohexoses widely distributed
in Nature are common components of microbial PS. D-Glucose,
D-galactose and D-mannose have a peak incidence among
hexoses, while D-ribose among pentoses. D-Xylose and D-arabi-
nose are far less abundant.2

Aldoses of the L-series are not common in microbial PS. Thus,
only PS of two Pseudomonas species contain L-xylose.29-30 This
sugar was identified by conventional methods of carbohydrate
analysis as the acetate of the corresponding alditol.29 The absolute
configuration of the (—)-2-octyl glycoside derivative of L-xylose
was determined by GLC.30

2. Deoxyhexoses
Unlike hexoses which enter into polysaccharides predominantly
as D-isomers, deoxyhexoses occur more frequently as L-isomers.
Thus, 6-deoxyhexoses, L-rhamnose and L-fucose are common
constituents of O-antigenic PS,2 whereas D-isomers of these
monosaccharides are rare. The D-isomers were isolated in the
individual state after acid hydrolysis of PS of Pseudomonas
cepacia or as O-methyl ethers after hydrolysis of methylated PS
and identified by conventional methods. Their absolute configur-
ation was established either by calculation according to Klein (e.g.,
see Ref. 31) or by GLC of alkyl glycoside derivatives with optically
active alcohols (e.g., see Ref. 32). Sometimes, the absolute config-
uration was determined by a computer analysis of the structure of
PS based on their 13C NMR spectra (e.g., see Ref. 27).

Some PS were found to contain even more rare 6-deoxyal-
doses. Thus, 6-deoxy-L-talose (1) was detected in PS of several
Pseudomonas species (P.fluorescens,33 P. maltophilia,34

P. pseudomallei35) as well as in PS of a strain of Escherichia
coli.36 This sugar was isolated in the pure state from acid
hydrolysates of PS and identified using PC and TLC by compar-
ison with an authentic sample obtained from glycosides of the
terpene series.37 Its structure was confirmed by mass, 'H and 13C
NMR spectra, whereas the L-configuration was evident from the
specific optical rotation.

A—°
((Me V-OHH O W
OH OH

6-Deoxy-L-altrose (2) was detected in Yersinia enterocoli-
tica3*-39 as a component of a homopolysaccharide composed of
the pyranose units of this sugar as well as in PS of Y. pseudo tu-
berculosis serovar VB, where its furanose form is present in the
side chain.40 The monosaccharide was identified by direct com-
parison with the sample isolated earlier from terpene glycosides.37

Its structure as 6-deoxyaldose was corroborated by mass spec-
trometry and NMR spectroscopy,38 whereas its L-configuration
was determined from the specific optical rotation.

2

There is evidence41 that a PS of Y. enterocolitica contains
6-deoxy-D-gulose (3) which failed to be isolated in a sufficiently
pure state. Its structure was established by comparison with an
authentic sample37 using electrophoresis in borate buffer. The
stereochemistry of 6-deoxy-D-gulose was determined by analysis
of the ]H NMR spectrum of a partially purified sample. This
spectrum contained signals corresponding to the CH3 group of
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6-deoxyhexose and the coupling constant values (/2,3 = 3.5,
/3>4 = 1.5, /4,5 = 2.25 Hz) were consistent with the gu/o-config-
uration. The absolute configuration was established from the
13C NMR spectrum of the polysaccharide.

OH

6-Deoxyaldoses can be easily synthesised by routine methods,
i.e., by introducing a 6-deoxy unit into the corresponding aldoses.
An example is provided by the synthesis of rarely occurring
D-rhamnose from D-mannose42 (Scheme 1).

Scheme 1

CH2OH CH2I

Methyl 2,3-0-isopropylidene-a-D-mannopyranoside (4) was
converted into the 6-iodo derivative 5 by selective tosylation of the
primary hydroxy group and subsequent treatment with Nal.
Hydrogenation of the latter over Raney nickel followed by
elimination of the isopropylidene group gave the methyl glyco-
side of D-rhamnose 6.

Other monodeoxyhexoses have not yet been found in
O-antigenic PS. Of particular interest is the fact that 2-deoxyhex-
oses, widespread in many natural glycosides, are absent from
bacterial PS at all. There is also no evidence for the presence of
3-deoxyhexoses in PS. The only representative of 4-deoxyhexoses
in O-antigenic PS is 4-deoxy-D-ara6iho-hexose (7) detected in
some strains of Citrobacter (e.g., in Citrobacter O36 its pyranose
units form a homopolysaccharide,43 whereas in Citrobacter PCM
1487 it is present in the side chain of O-antigenic PS44). The
monosaccharide 7 is distinguished by very high lability and could
not be purified after acid hydrolysis of PS, although the reduction
of the hydrolysate gave the alditol 8. The mass spectrum of the
acetate of 8 contained peaks of the fragments with m/z 303 and 231
and the corresponding secondary fragments which clearly indi-
cates the presence of a C(4)-deoxy unit. The stereochemistry of 7
was determined on the basis of the 'H NMR spectrum of the
polysaccharide itself; the presence of two signals of H(4) at 1.751
(a) and 1.528 (e) ppm also corroborates its structure. The
D-configuration was assigned to the monosaccharide 7 on the
basis of the specific optical rotation.
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3. 3,6-Dideoxyhexoses
This type of deoxy sugars is widely spread in PS of Gram-negative
bacteria and is typical of PS of the genus Salmonella.2

3,6-Dideoxyhexoses were detected as components of PS even in
pioneer studies of O-antigenic PS of microorganisms. Identifica-
tion and determination of the structure of 3,6-dideoxyhexoses
isolated from various Salmonella species demonstrated a direct

correlation between the structure of O-antigenic PS of a certain
bacterium and its immunochemical properties. These studies,
which dated back to the 1950's, had a great historical impact, for
they actually opened up a way for extensive systematic chemical
investigations into microbial O-antigenic PS.

Up to the present, five representatives of 3,6-dideoxyhexoses
of various configurations are known that are present in PS of a
rather large number of Gram-negative bacteria. They are:
D-arabino-hexose (tyvelose 9), D-rtfw-hexose (paratose 10),
D-xy/o-hexose (abequose 11), L-arabino-hexose (ascarylose 12)
and L-xylo-hexose (colitose 13). Among these, the first three
monosaccharides, which were first discovered by Westphal and
Luderitz during their study of PS of Salmonella, are the most
widespread.45 These compounds are attached as side chains to the
main chain of the biopolymer and represent the immunodominant
groups, i.e., they determine the immunochemical characteristics of
the given microorganism (see review46). Thus, PS of S. paratyphi
contains paratose, PS of S. typhimurium abequose, S. typhi PS
tyvelose.2'47 The Salmonella of serogroups A - D contain as an
indispensable component one of these three 3,6-dideoxyhexoses.

Me

h
Me

h
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Two species of Salmonella were also found to contain
colitose48 first discovered in PS of Escherichia coli Oi l I.49

Later, 3,6-dideoxyhexoses were found in PS of other Gram-
negative bacteria. Thus, all the five representatives mentioned
above were identified in PS of various strains of Yersinia
pseudotuberculosis;50-51 ascarylose was found in PS of Vibrio
cholerae O3,58 abequose in PS of Citrobacter freundii,59-60 tyve-
lose in PS of Eubacterium saburreum,61 * while colitose occurred
in PS of one of Escherichia coli strains.62

All the 3,6-dideoxyhexoses mentioned above can be isolated in
the individual state after acid hydrolysis of the corresponding PS.
Their glycosidic bond which, as with other deoxy sugars, is
hydrolysed much more easily than typical glycosidic bonds
makes possible their selective cleavage. At the same time, they
have increased lability towards acids and their isolation presents
some difficulties.

Originally, the structure of 3,6-dideoxyhexoses was estab-
lished by classical methods. An example is abequose (Scheme 2).
The positions of its deoxy units were determined by periodate
oxidation of the alditol 14 obtained by the reduction of abequose
11 with LiAlH4. Oxidation of the alditol 14 gave formaldehyde,
acetaldehyde and malonic aldehyde proving the position of deoxy
units at C(6) and C(3) of the hexose skeleton.46 The establishment
of the absolute and relative configurations of abequose, as with
other 3,6-dideoxyhexoses, was possible at that time only by
comparison with authentic samples. For this purpose, the syn-
thesis of some representatives of 3,6-dideoxyhexoses was carried
out.

More recently, mass spectrometry of alditol acetates obtained
by reduction of 3,6-dideoxyhexoses came into routine practice as a
means for the establishment of the structure of their skeleton.
These derivatives exhibit a peculiar fragmentation which indicates

i Eubacterium saburreum is not a Gram-negative bacterium.
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MeCHO
Scheme 2 Scheme 3

CH2OH
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the position of deoxy units. By way of illustration, the mass
spectrum of the alditol acetate 15 obtained by reduction of the
O-methyl ether of abequose isolated from the hydrolysate of
methylated PS of S. typhimurium contains fragments with m/z
175,131 and 117 indicating the presence of deoxy units at C(6) and
C(3).63
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However, the positions of deoxy units in the monosaccharide
can be more easily detected by I3C NMR spectroscopy. All the
spectroscopic characteristics of 3,6-dideoxyhexoses are now well
known and readily detectable directly in the NMR spectra of the
corresponding PS: a signal in the region 16.0-18.0 ppm shows the
presence of a methyl group at C(6), whereas a signal in the region
33-40 ppm the presence of a deoxy unit at CQ).64

The configuration of 3,6-dideoxyhexoses, namely, the stereo-
chemistry of C(2) and C(4) can well be defined by the 'H NMR
spectra, the coupling constant values between the C(3)H2 group
and protons at C(2) and C(4) being the most characteristic ones.
According to the general regularities, these constants have higher
values (11-12 Hz) for a,a-protons and lower values (3-5 Hz) for
a,e- and e,e-protons. Thus, the corresponding values for para-
tose10 are /3a,4«/2.3o«ll Hz and /3«,4«./2,3ew4 Hz, respec-
tively; those for abequose are /2,3««4.5, /2,3O«12, /3a,4«3 Hz.
Identification of 3,6-dideoxyhexoses is now carried out directly
from the NMR spectra of the PS itself.

The above data are pertinent to the pyranose form of 3,6-
dideoxyhexoses, in which these deoxy sugars are present in almost
all bacterial PS. The only exception is PS of Yersinia pseudotu-
berculosis IB, where a 3,6-dideoxyhexose is present in the furanose
form.52

Several methods of 3,6-dideoxyhexose synthesis have been
described; all are based on the introduction of deoxy units into
hexoses having a regular structure by classical methods. This
synthesis was originally undertaken to establish the structure of
dideoxyhexoses isolated from natural PS.

Of considerable historical importance is the synthesis of the
abequose derivative 11 from methyl 3-deoxygalactoside 16
(Scheme 3).65 The latter was selectively tosylated at the primary
hydroxy group; the tosylate 17 (R = OTs) was converted into the
iodide 17 (R = I), reduction of which gave the methyl abequoside
18. The same methyl abequoside can also be obtained by direct
reduction of the tosylate 17 with LiAlH4. In a similar way, the
derivatives of tyvelose (9) and paratose (10) were synthesised from
3-deoxymannoside and 3-deoxyglucoside,66 respectively. Later,
paratose was synthesised by direct introduction of a halogen atom
at C(6) of a 3-deoxyglycoside.67

Currently, it has become necessary to develop preparative
methods for the synthesis of considerable amounts of 3,6-
dideoxyhexoses for the purpose of creating artificial antigens

CH2OH
HO

2R

OH
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and diagnostic tools. The synthesis of three most important 3,6-
dideoxyhexoses 68 (tyvelose, paratose, abequose) from the most
readily available material, the methyl glycoside 19, is depicted
below (Scheme 4).
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To synthesise abequose, methyl oc-D-glucopyranoside 19 was
converted into the 4,6-0-benzylidene derivative 20 and further
into its dibenzoate 21. After elimination of the benzylidene group,
the diol 22 (R = H) was converted into the 4,6-di-O-tosylate 22
(R = Ts); its treatment with a base gave 6-O-tosylate of the
3,4-anhydro sugar 23. Reduction of the anhydro sugar with
IJAIH4 was accompanied by regio- and stereo-specific opening
of the epoxide ring and hydrogenolysis of the 0-tosyl group
resulting in the formation of the abequose derivative 18.

During the synthesis of tyvelose, the benzylidene derivative 20
was subjected to selective tosylation to give the 2-O-tosylate 24.
The latter was converted into the 2,3-anhydro derivative 25 which
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was converted into the 3-deoxy derivative 26 by the action of
L1AIH4. After elimination of the benzylidene group and selective
tosylation of the hydroxy group at C(6) of the triol 27 (R = H), the
corresponding tosylate 27 (R = Ts) was reduced and the tyvelose
derivative 28 was isolated.

Finally, the paratose derivative 30 was obtained by treatment
of the glucopyranoside 19 with tribromoimidazole in the presence
of triphenylphosphine (cf. published data 69) followed by reduc-
tion of the dibromide 29 by hydrogenolysis over Raney nickel or
with BusSnH in the presence of azo-JV.iV'-bis-isobutyronitrile.

A rather simple synthesis70 of the ascarylose derivative 33
from L-rhamnose is also known (Scheme 5). Methyl 2,3-0-
benzylidene-a-L-rhamnopyranoside 31 (readily produced by
treatment of methyl rhamnoside with benzaldehyde dimethylace-
tal in the presence of toluenesulfonic acid) interacts with
Af-bromosuccinimide with a regiospecific opening of the benzyl-
idene ring to give the 3-bromo derivative 32, which is reduced with
LiAlH4 into the methyl glycoside of 3,6-dideoxy-L-ara6mo-hexose
(ascarylose) 33. Colitose71 was synthesised from the 3,4-0-
benzylidene derivative of a-L-fucose by a similar scheme.

OBz
OH

32 33

4. Heptoses
Up to the present, only three heptoses, L-glycero-D-manno-
heptose, D-glycero-D-manno-heptose and D-glycero-D-altro-hep-
tose, have been identified as components of O-antigenic PS. The
first of these is also a common component of the LPS core of
Gram-negative bacteria (see review 72).

L-Glycero-D-mamo-heptose 34 was isolated73 after acid
hydrolysis of PS of Pseudomonas cepacia IMV 673/2 using ion-
exchange chromatography in borate buffer. Its structure was
established in the following way. The PS was oxidised with a
calculated amount of sodium periodate and then reduced with
NaBH4. Products of the hydrolysis of the PS thus modified
contained mannose resulting from the cleavage of the
C(7)—C(6) bond of the heptopyranoside unit. This finding
provided evidence for the wanno-configuration of the
C(2) — C(5) fragment of the monosaccharide and was confirmed
by 13C NMR spectroscopic data from the original PS. The
retention time of the heptose fraction in a sugar analyser and its
13C NMR spectrum were fully consistent with the corresponding
parameters for the enantiomeric D-g/ycero-L-mawio-heptose but
differed from that for D-glycero-D-manno-heptose, thus confirm-
ing the relative configuration of the monosaccharide as a whole.
Its absolute configuration was evident from the specific optical
rotation ([a]D = +4.8°) and confirmed by analysis of the glyco-
sylation effects in the 13C NMR spectrum of the polysaccharide.
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D-Glycero-D-manno-heptoss 35 was found in PS of Vibrio
cholerae O21 where it is present in the main chain.74 The
monosaccharide 35 was isolated in the pure state from the acid
hydrolysate of PS. In the 'H NMR spectrum of the methyl

heptoside pentaacetate, the chemical shifts of the signals and the
coupling constants for the protons at C(2)—C(5) practically
coincided with those for methyl a-D-mannoside tetraacetate,
thus corroborating the configuration of the heptose fragment
C(2)-C(5). In GLC analysis the mobility of the heptitol acetate
derived from the heptose differed from that of the heptitol
obtained from L-glycero-D-mamo-heptose, and the specific opti-
cal rotation ([a]o = + 74°) was indicative of the D-configuration.

More recently, D-g/ycero-D-monno-heptose was also isolated
from PS of Vibrio cholerae O3.58 Its presence was demonstrated by
conventional monosaccharide analysis of PS, and its structure
confirmed by 'H NMR spectroscopy of the polysaccharide itself
as well as by mass spectrometric analysis of the disaccharide
fragment 36 (isolated by acid hydrolysis of the methylated PS
followed by reduction with NaBD4) which contained a heptose
residue and an aminodeoxyalditol residue bound to it. The
presence in the mass spectrum of a fragment with m/z 263 and
the corresponding secondary ions with mjz 231 and 199 as well as
of fragments with m/z 45 and 89 indicated the 0-methyl ether of a
heptose. The final confirmation of the T>-glycero-D-manno-hep-
tose structure was provided by counterflow synthesis.

45

MeO
199*-23H-263-«-;

CHOMe

CHNCMe

I ^ A c
CHDOMe

36

Several procedures for the synthesis of glycero-manno-heptose
are known which employ conventional methods of synthesis of
higher sugars. The most practicable is shown in Scheme 6.75 Thus,
benzyl 2,3,4-tri-0-benzyl-a-D-mannopyranoside 37 was subjected
to Swern oxidation resulting in the aldehyde 38 whose interaction
with HCN gave a mixture of isomers. The cyanohydrin 39 having
the D-gTycero-D-manno-configuration was isolated by chromatog-
raphy and reduced to the amino sugar 40 (R = NH2) which was
further converted into the D-glycero-U-manno-heptose derivative
40 (R = OH) by treatment with nitrous acid. To obtain the L-
g/ycero-isomer, the aldehyde 38 was condensed with allyloxy-
methylmagnesium bromide and the main isomeric alcohol 41
(R = allyl) having the L-g/ycero-configuration was chromatograph-
ically isolated from the resulting mixture; its deallylation gave a
derivative of L-glycero-D-manno-heptose 41 (R = H).
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D-Glycero-O-altro-heptose 42 was found in PS of Campylo-
bacter jejuni OH, together with 6-deoxy-D-o/fro-heptose and their
3-0-methyl ethers, the relative amount of these components of
antigenic PS being dependent on both the bacterial strain and,
seemingly, on cultivation conditions.76 The heptose 42 present in
the main chain of PS was isolated after acid hydrolysis of PS in a
mixture with its 1,6- and 1,7-anhydro derivatives. The presence in
the monosaccharide of the heptose skeleton was confirmed by the
mass spectrum of the alditol obtained by reduction. To establish
the configuration of the heptose, the polysaccharide was subjected
successively to oxidation with a calculated amount of periodate,
the glycol system of the C(6)-C(7) fragment is oxidised first,
reduction with NaBFU and methanolysis. As a result, methyl
D-altroside was isolated and identified corroborating the config-
uration of the heptose fragment C(2)—C(5). The configuration of
C(6) was established by direct comparison of the corresponding
alditol acetate with an authentic sample obtained from synthetic
D-glycero-D-altro-heptose. A similar procedure was used to
determine the structure of the 3-O-methyl ether of the heptose 42
present in the same PS.76

42

The synthesis of D-glycero-D-altro-heptose was carried out77

by stereospecific elongation of the carbon chain at C(6) of the
glucose derivative 43 by the method of Donadoni78 with sub-
sequent inversion of configuration at C(2) and C(3) (Scheme 7).
The aldehyde 43 obtained by Swern oxidation of methyl 2,3,4-tri-
0-benzyl-a-D-glucopyranoside was converted into the thiazole
derivative 44 by reaction with 2-trimethylsilylthiazole. Treatment
of the derivative 44 with formic acid and subsequent debenzyla-
tion resulted in a mixture of heptoses epimeric at C(6), from which
the isomer having the D-^/ycero-configuration 45 (R = H) was
isolated. This was converted into the 7-0-terf-butyldiphenylsilyl
ether 45 (R = TBDPS) and then into the 4,6-0-benzylidene

Scheme 7

r=\

BnO

derivative 46 (R = H) which was further converted into the
corresponding 2-0-tosylate 46 (R = Ts). The tosylate 46 was
routinely converted into the 2,3-epoxy derivative 47 which after
treatment with NaOH and rraras-diaxial opening of the oxide ring
gave the monosaccharide derivative 48 having the aftro-config-
uration. Elimination of the protective groups resulted in
D-glycero-D-altro-heptose 42 whose configuration was con-
firmed by NMR spectroscopic data. The synthetic monosaccha-
ride and that isolated from natural PS were identical.76

5. Deoxyheptoses
Only two representatives of this class have thus far been detected
among monosaccharide components of O-antigenic PS. Both of
them are 6-deoxyheptoses.

6-Deoxy-D-mawBO-heptose 49 was detected in PS of Yersinia
pseudotuberculosis where it is attached as a side chain to the main
chain.54 The presence of a 6-deoxyheptose in PS was first proved
by analysis of the 13C NMR spectrum which contains signals
characteristic for deoxyaldoses at 34.1 ppm (a methylene group of
deoxyaldoses) and 59.0 ppm (a CH2OH group of deoxyaldoses).
The presence in PS of the 6-deoxyheptose 49 was also confirmed
by mass spectrometric data of the 0-methyl ether of the deoxy-
heptose glycoside obtained in the pure state after methanolysis of
methylated PS.54 This heptose was also found in Pseudomonas
pseudomallei where it forms a homopolysaccharide.35 Its structure
and stereochemistry were confirmed by 'H NMR spectroscopic
data: in particular, the coupling constant values were consistent
with the man/io-configuration 0/2,3 = 3.5, ^3,4 = 9.1, Xt.s =
9.5 Hz). The absolute configuration of 49 was established from
the specific optical rotation. The structure of the monosaccharide
49 was also corroborated by counterflow synthesis.

CH2OH

?H2

49

6-Deoxy-D-aftro-heptose 50 was found in PS of Campylo-
bacter jejuni O23A and O23B.76 It was isolated in a mixture with
its anhydro derivative after acid hydrolysis of PS. The structure of
the monosaccharide 50 was confirmed by direct comparison with
a synthetic sample of the corresponding alditol hexaacetate, and
its D-configuration was established by GLC analysis of glycosides
with (R)- and (5)-butan-2-ols.

CH2OH

HOV-OH

HO
OH

50

The synthesis of 6-deoxy-D-o/fro-heptose79 was performed as
depicted in Scheme 8.

Scheme 8

CH2R

51 52
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Methyl 2,3,4-tri-O-benzyl-a-D-altropyranoside 51 (R = H)
was converted via 6-0-triflate 51 (R = CF3SO2) into the nitrile
52 (R = CN) which, in turn, was converted into a derivative of 6-
deoxy-D-a/fro-heptose 52 (R = CH2OH) by successive reduction
with DIBAH, hydrolysis of the resulting imine and reduction of
the corresponding aldehyde with NaBH4. The corresponding
derivative of 6-deoxy-D-/wawjo-heptose was similarly obtained
from the mannose derivative.79

6. Branched monosaccharides
Monosaccharides having a branched carbon chain are a rare class
of sugars. These monosaccharides are sometimes found in anti-
biotics, although some of their representatives were recently
detected in O-antigenic PS where they can be localised both in
the main chain of the biopolymer and in side chains.

Two representatives of this monosaccharide class were iso-
lated in the pure state after acid hydrolysis of PS of the Gram-
negative bacterium Coxiella brunetti phase I.80 One of those
appeared to be identical by its chromatographic characteristics
to 6-deoxy-3-C-methylgulose (virenose) earlier detected in the
antibiotic virenomycin.81 The structure of the monosaccharide
isolated from the O-antigenic PS was also confirmed by the mass
spectrum of the fully acetylated alditol 53. Fragmentation of this
compound corresponded to the structure of the parent mono-
saccharide; in particular, the presence of fragments with mjz 231
and 245 and the corresponding secondary fragments indicated the
type and the site of the chain branching. Direct comparison of the
natural monosaccharide with the samples of the corresponding
monosaccharides of the manno-, tab- and gWo-series isolated
from other natural products demonstrated its gtt/o-configuration.
However, the specific optical rotation of this monosaccharide
differed from that of virenose, for which the D-configuration had
been established.81 Based on these data, the monosaccharide from
PS of Coxiella brunetti was ascribed the structure of 6-deoxy-3-C-
methyl-L-gulose 54.

129
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The second monosaccharide isolated from O-antigenic PS of
Coxiella brunetti was assigned the structure of 3-C-hydroxyme-
thyl-L-lyxose 55. Successive methylation of PS, acid hydrolysis of
methylated PS, reduction of the resulting mixture of methylated
monosaccharides with NaBD4 and their acetylation resulted in a
mixture of alditol acetates, from which the acetate of the partially
methylated alditol 56 corresponding to the branched monosac-
charide was isolated. Its fragmentation in mass spectrometric
analysis fully confirmed the structure of the skeleton and the
positions of the hydroxy groups in the monosaccharide as can be
evidenced, in particular, from the presence of fragments with m/z
205, 206 and 118. Determination of configuration of the mono-
saccharide 55 and its assignment to the L-lyxose series was made
by the authors on the basis of synthetic data.
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Two other structurally complex monosaccharides belonging
to branched octoses were found in O-antigenic PS of several
serotypes of Yersinia. They were isolated in the individual state
after acid hydrolysis of PS and found to be similar in structure
with the only difference the configuration of one of the chiral
centres. One of those, yersiniose A, was isolated from Y.
pseudotuberadosis serovar VI,82 while the second one, yersiniose
B from Y. enterocolitica serovar O4.32.83 Reduction of yersinioses
A and B with NaBH* and subsequent acylation resulted in
tetraacetates of the corresponding alditols 57. In this case, one of
the hydroxy groups failed to be acetylated under standard
conditions that showed its localisation at the tertiary carbon
atom. The mass spectra of both alditol tetraacetates appeared to
be identical; their fragmentation demonstrated that both yersi-
nioses are 3,6-dideoxy-4-C-(l'-hydroxyethyl)hexoses with the
identical structure of the carbon skeleton and positions of the
hydroxy groups. The same result was obtained by mass spectro-
metry of methyl glycosides of both monosaccharides.
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HOC CHMe

CHOAc

Me
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The NMR spectra of yersinioses A and B also appeared to be
almost identical. Thus, the 13C NMR spectrum of yersiniose A
contained signals at 13.4 and 16.4 (two CH3 groups), 35.9 (CH2

group) and 75.8 ppm (tertiary carbon atom). The signal of C(l)
with a low-field chemical shift indicated the D-configuration of the
monosaccharide. The 'H NMR spectrum of yersiniose A con-
tained signals at 4.71 [JU2 = 8.25 Hz, H(l)], 3.80 [J2.3e = 5.22 and
•/2,3a = 11.82 Hz, H(2)], 1.85 [Jia3e = 13.86 Hz,' H(3)], 4.18
[J5,6 = 6.63 Hz, H(5)] and 1.30 ppm [H(6)].

Higher values of the coupling constants (/i,2 and /2,3a) for
yersiniose B present in the p"-form show the axial orientation of
H(2), whereas NOE data revealed interaction between H(l) and
H(5) [i.e., the axial position of H(5)] and the proximity of H(3a)
and the CH3 group of the side chain, thus indicating the equatorial
position of the side chain at C(4). These data suggest that
yersiniose B has the xy/o-configuration. Comparison of the 13C
NMR spectra for yersinioses A and B revealed that both of them
are 3,6-dideoxy-4-C-(l'-hydroxyethyl)-D-xy/o-hexopyranoses 58.
The only distinction between them is in the stereochemistry of the
asymmetric centre C(7) in the side chain. This problem was solved
by counterflow synthesis of the yersinioses.

OH =

Me

MeCH [
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To this end, a general procedure for the synthesis of
3,6-dideoxy-4-C-(l'-hydroxyethyl)hexoses was elaborated which,
in principle, permits the synthesis of any kind of branched octoses
of this type. Leaving aside the consideration of relationships
between different configurations of the chiral centres in isomeric
octoses of this series (see Ref. 84), it is worth noting that the
solution of the particular problem of determination of the
absolute configuration of the chiral centre C(7) of the isomeric
yersinioses, required a stereospecific synthesis of compounds
having the D-xp/o-configuration and distinguished by only the
geometry of the chiral centre present in the side chain.
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This rather complex synthesis **•85 is depicted in Scheme 9. As
the initial compound, l,6-anhydro-f$-D-glucopyranose (levoglu-
cosan 59) was used, which via a standard set of reactions was
converted into 4-0-allyl-3-0-mesyl-2-0-tosyllevoglucosan 60 and
then into l,6:2,3-dianhydro-4-0-allyl-P-D-allopyranose 61.
Reduction of the epoxide 61 and subsequent 0-benzylation gave
l,6-anhydro-4-0-allyl-2-0-benzyl-3-deoxy-P-D-nAo-hexose 62.
Elimination of the allyl protective group and Swern oxidation of
the liberated hydroxy group gave the key intermediate of the
synthesis, a derivative of the keto sugar 63. Its reaction with
2-lithium-2-methyl-l,3-dithiane resulted in a mixture of two
alcohols 64a and 64b epimeric at C(4) which were separated
chromatographically. The structure of the isomers differing in
only the configuration at C(4) was established by NMR spectro-
scopy (including NOE measurements). It appeared that the
alcohol 64 has the D-xy/o-configuration of the pyranose ring;
namely, this compound was selected for further synthesis.

Treatment of the alcohol 64a with a mixture of HgCb and
CdCC>3 gave the ketone 65 which after reduction with NaBH4 and
subsequent benzylation produced two epimeric (with regard to the
chiral centre of die side chain) alcohols 66 and 67 in a 2:1 ratio.
The absolute configuration of the new chiral centre C(7) in the
alcohols 66 and 67 was established by spectroscopic analysis and
NOE measurements of isopropylidene derivatives obtained by
debenzylation of the initial alcohols 66 and 67. The side chain of
the monosaccharide derivative 67 appeared to have the D-glycero-
configuration, and that of 66 the L-g/ycero-configuration.

To convert the alcohols 66 and 67 into the corresponding
yersinioses, the former were exposed to very mild acetolysis and
subsequent methanolysis which opened the 1,6-anhydro ring
without any accompanying elimination of the 0-benzyl groups
(which might result in a complex mixture of pyranose and
furanose forms of yersinioses). The resulting glycosides 68 and
69 (R = OH) with a free hydroxy group at C(6) were thus
obtained. This group was substituted with bromine by treatment
with Ph3P-CBr4 in pyridine. After separation and catalytic
hydrogenolysis with simultaneous removal of the benzyl groups,
the resulting bromides 68 and 69 (R = Br) were converted into
glycosides of the synthetic yersinioses 70 and 71. Their compar-
ison with the corresponding derivatives of natural yersinioses
isolated from PS using various versions of NMR spectroscopy (of
which NOE analysis was the most important one) allowed
establishment of the configuration of the chiral centre of C(7) in
both monosaccharides. It was found that yersiniose A is
3,6-dideoxy-4-C-(L-g/ycero-l'-hydroxyethyl)-D-xc/o-hexopyranose,
while yersiniose B 3,6-dideoxy-4-C-(D-g/>>cero-l'-hydroxyethyl)-D-
xy/o-hexopyranose.

A structurally unique higher monosaccharide with a branched
chain has recently been detected in PS of Pseudomonas caryo-
philli.*6'87 This monosaccharide was isolated in the pure state after
acid hydrolysis of PS and called caryophillose. Its 13C NMR
spectrum suggested the presence of six CHOH groups (signals
around 68-78 ppm), two CH3 groups (signals in the region
16-17 ppm), two methylene groups (signals in the region
29 - 32 ppm) and one tertiary carbon atom carrying a hydroxy
group (signal at 74 ppm). Reduction of caryophillose with NaBD4
resulted in a branched alditol which upon acetylation gave the
heptaacetate 72. The fact that one of the hydroxy groups was not
acetylated demonstrated its attachment to the tertiary carbon
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atom. The type of fragmentation in the mass spectrum of the
acetate 72 as well as I3C NMR spectroscopic data indicated that
caryophillose comprises 12 carbon atoms, two methyl groups and
two methylene units, has a branched chain and is a 3,6-dideoxy-4-
C-(l',3',4',5'-tetrahydroxyhexyl)hexose.

Determination of the stereochemistry of caryophillose was a
challenge. This problem was solved using NMR spectroscopy
(including NOE measurements).
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Briefly, the essence of this complex study is as follows. Acid
methanolysis of the monosaccharide gave two isomeric methyl
glycosides of caryophillose 73 and 74, and one internal glycoside
75.

OMe

The glycoside 73 formed by closing of the pyranose ring via the
hydroxy group at C(5) was isolated as a mixture of a- and
P-anomers and had the 4Ci conformation of the pyranose cycle
(as could be evidenced from NMR spectroscopic data). Its 'H
NMR spectrum suggested the lack of protons at C(4), thus
confirming the site of branching of the carbon chain determined
from the mass spectrum of the alditol 72. An NOE study revealed
interaction between H(5) and H(3a) in the glycoside 73 which
proved the axial position of H(5). The equatorial position of the
aliphatic chain C(l') —C(6') was evident from the spatial prox-
imity of H(5) and H(l') of the side chain. Based on these data, the
pyranose ring and, correspondingly, the C(l')-C(6') fragment of
caryophillose were assigned the jcy/o-configuration. To establish
the spatial structure of this aliphatic fragment of caryophillose
was a more complicated task which was solved by complex
analysis of the NMR spectra of the glycosides 74 and 75 and of
some other derivatives.

The glycoside 74 isomeric with the glycoside 73 was formed by
closing of the pyranose ring via the hydroxy group at C(l') of
caryophillose (this was accompanied by stereospecific formation
of the P-glycoside alone). The data of the 'H NMR spectrum
suggest the glycoside 74 to be in the lC* conformation. NOE
measurements with the glycoside 74 and its O-acetate reveal that
H(l') is closed to the axial methoxy group and, consequently,
occupies the axial position as well. Hence, C(l') in the C(l') -C(6')
chain has the (^-configuration.

The glycoside 75, isolated by acid methanolysis of caryophil-
lose, is formed as a result of intramolecular glycosylation involv-
ing the hydroxy group at C(3'). Glycosylation gives a bicyclic
system containing a furanose ring. The structure of the glycoside
75 was reliably established: the compound has the composition
C12H22O7 (as can be evidenced from the FAB mass spectrum); its
13C NMR spectrum is completely consistent with the structure 75.
In the 13C NMR spectrum of the acetate of 75, the signal of the
proton at C(3') (3.88 ppm) lacked the characteristic shift which
might result from the presence of a heminal acetoxy group;
consequently, C(3') is linked by an acetal (i.e., glycosidic) bond
corroborating the accepted structure of the glycoside 75. The
conformation of the glycoside 75 was established by NOE
measurements for the protons at C(2) and C(3) as well as at
C(l'), C(2') and C(3') in the glycoside 75 itself and its O-acetate,

which suggest, in particular, that C(3') has the (^-configuration.
To establish the relative configuration at C(4') and C(5') of
caryophillose, the 4,l':3',5;-di-O-isopropylidene derivative 76
was prepared from the glycoside 73. NOE measurements for
H(3') and H(5') in the 3',5'-O-isopropylidene group, forming 1,3-
dioxane ring with the chair conformation, show their cu-diaxial
orientation and /ro/w-diaxial position relative to H(4'). Therefore,
it was concluded that C(4') and C(5') have the (/^-configuration.

The absolute configuration of the C(l) -C(6) and C(l') -C(6')
fragments of caryophillose was established mainly on the basis of
circular dichroism measurements for each of these fragments.88

Methylation analysis revealed that in the PS chain the neighbour-
ing residues of caryophillose are linked by the glycosidic bonds at
the hydroxy group localised at C(3'). Therefore, periodate oxida-
tion of the original PS results in the cleavage of the bonds between
C(4') and C(5') as well as between C(l') and C(4). As a result,
reduction of the oxidation product gives rise to compound 77,
which is a glycoside of 3,6-dideoxy-ot-n'io-hexose (paratose), and
l,4-dihydroxybutan-3-ol. The structure of this compound was
confirmed by NMR spectroscopy. Methanolysis of the glycoside
77 gives a- and fi-glycosides of paratose 78 (R = H) and 1,3,4-
trihydroxybutane 79 (R = H). Analysis of the circular dichroism
spectra by the method of Nakanishi88 was carried out for the p-
bromobenzoates 78 and 79 (R = p-BrC6H4CO). A change in the
Cotton effect as a function of wavelength indicates that C(2) in the
glycoside 78 has the (iJ)-configuration, and C(3') in 79 the (S)-
configuration.

4'
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h
CH2OR

79
These data suggested that the caryophillose present in PS is

S^-dideoxy^C^D-aftro-tetrahydroxyhexyty-D-xy/o-hexopyranose
73, which is a cyclic form of the higher branched sugar,
3,6,10-trideoxy-4-C-[(/?)-l'-hydroxyethyl]-D-erj'fAro-D-gu/o-
decaose 80.

CHO
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7. Amino sugars
Monosaccharides containing amino groups (amino sugars) of
various structure are widespread in bacterial PS. Many of them
contain several deoxy units and amino groups in various combi-
nations which contributes largely to the great diversity of known
natural amino sugars.

a. Aminodeoxyhexoses
Derivatives of 2-amino-2-deoxyhexoses having the D-gluco-, D-
galacto- or D-wawjo-configuration (glucosamine, galactosamine
and mannosamine) are among the most common components of
PS of microorganisms. Most often, they are present in the
polysaccharide chain as JV-acetyl derivatives, although iV-acyl
derivatives comprising residues of other organic acids are also
known (see Section 4).

At the same time, O-antigenic PS have been found to contain
only one representative of 2-amino-2-deoxyhexoses with the
L-configuration, namely, 2-acetylamino-2-deoxy-L-glucose 81
detected in PS of Pseudomonas cepacia Ol.89

The monosaccharide 81 gave qualitative reactions for amino
sugars; the mass spectrum of the aminodeoxyalditol acetate
derived was identical to that of the well-known derivative
obtained from the D-isomer. The fragmentation observed dem-
onstrated the presence of an acetylamino group at C(2). This
finding was also confirmed by 13C NMR spectroscopic data: the
spectrum of PS contained a signal of C(2) at 54.23 ppm. Finally,
the structure of this amino sugar was also corroborated by
analysis of a disaccharide fragment obtained after Smith degrada-
tion of PS. The unusual L-configuration of the monosaccharide
was established on the basis of GLC of its glycosides with optically
active butan-2-ol and octan-2-ol, by its specific optical rotation80

and by comparison of the circular dichroism spectrum of the
derived aminodeoxyalditol with that of the corresponding
D-isomer.

b. Aminodideoxyhexoses
Derivatives of 2-amino-2,6-dideoxyhexoses are widespread in
O-antigenic PS. Two of these, 2-amino-2,6-dideoxy-D-glucose
(D-quinovosamine) 82 and 2-amino-2,6-dideoxy-L-galactose
(L-fucosamine) 83 are common components of O-antigenic PS.2

Their enantiomers, L-quinovosamine 84 and D-fucosamine 85
occur less frequently. L-Quinovosamine was found in PS of
Shigella boydii, Proteus vulgar is, Pseudomonas fluorescens, etc.,2

while D-fucosamine in Pseudomonas fluorescens and some species
of Pseudomonas aeruginosa.2 These 2-amino-2,6-dideoxyhexoses
are present in the polysaccharide chains as various iV-acyl (most
frequently JV-acetyl) derivatives. They can be isolated in the pure
state from acid hydrolysates of PS or after solvolysis of PS with
liquid HF. Currently, these monosaccharides are identified
directly by the NMR spectra of PS themselves.

An example of more rare amino sugars of this type present in
microbial PS is 2-acetylamino-2,6-dideoxy-L-mannose 86
(L-rhamnosamine) detected in Escherichia coli O3.90 The mono-
saccharide was isolated in the pure state after acid hydrolysis. Its
structure was established by classical methods: periodate oxida-
tion yielded acetaldehyde, thus suggesting the presence of a methyl
group (the 6-deoxy fragment); based on different ion-chromato-
graphic behaviour of the monosaccharide and the derivatives of
other 2-amino-2,6-dideoxy sugars, the monosaccharide was
assigned the structure of an L-rhamnose derivative.

86OH NHAc

It is interesting to note that another very rare monosaccharide
of this class, 2-acetylamino-2,6-dideoxy-L-talose 87 (pneumos-
amine), was identified long ago in a capsular polysaccharide of
Streptococcus pneumoniae type 5; however, its structure was not
strictly confirmed.91

-Q

OH

H

OH NHAc

87

Among other monoaminodideoxyhexoses, O-antigenic PS
contain derivatives of 3-amino-3,6-dideoxyhexoses present in the
PS chain as JV-acyl derivatives (most frequently, as acetyl but
sometimes also as derivatives of hydroxy and amino acids; see
Section 4). Among monosaccharides of this type, derivatives of
3-amino-3,6-dideoxy-D-galactose 88 (3-amino-3-deoxy-D-fucose)
are rather common components of many PS.2 An analogue of
3-amino-3,6-dideoxy-D-galactose, 3-amino-3,6-dideoxy-D-glu-
cose 89 (3-amino-3-deoxyquinovose), was found in O-antigenic
PS of several species of Gram-negative bacteria: in Escherichia
coli,92 Hafnia alvei,93 Proteus penneri,94 Pseudomonas fluores-
cens,33 Vibrio mimicus?5 The L-isomer, 3-amino-3,6-dideoxy-L-
glucose, was isolated from O-antigenic PS of Vibrio anguillarum.96

This is the only example of 3-amino-3,6-dideoxyhexoses with the
L-configuration detected in O-antigenic PS. This sugar was earlier
detected in the LPS core 91 of Aeromonas hydrophila III.

OH OH

89

Derivatives of these aminodideoxyhexoses including those of
glucose with the L-configuration were isolated from PS in the
individual state after acid hydrolysis or solvolysis with liquid HF
and, to simplify analysis, converted into JV-acetates. To this end,
they were deacylated (the 7V-acyl substituent was eliminated) and
then N-acetylated by a routine procedure. The structure of the
3-acetylamino-3,6-dideoxyhexoses thus obtained was established
by physicochemical methods and confirmed by counterflow
synthesis.
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An example is the establishment of the structure of 3-acet-
ylamino-3,6-dideoxy-D-glucose.95>98 The mass spectrum of the
full acetate of the aminodeoxyalditol 90 derived from the amino
sugar by reduction and subsequent acetylation contained frag-
ments with m/z 230 and 216 which uambiguously indicated the
position of the acetylamino group at C(3) and of the deoxy unit
(CH3 group) at C(6). This finding demonstrated that the parent
sugar has the 3-acetylamino-3,6-dideoxyhexose structure.

216

CH2OAc

CHOAc

H• AcNHCH
T ].. 230

CHOAc

CHOAc

Me
90

This conclusion was also confirmed by the 13C NMR
spectrum containing signals at 18 ppm (CH3 group) and
55 -58 ppm [NHAc-substituent at C(3)]. The ]H NMR spectrum
of the full acetate of the amino sugar glycoside was characterised
by the coupling constant values of /2,3, JIA and /4,s exceeding
10 Hz, thus suggesting the g/uco-configuration of the monosac-
charide. Finally, the specific optical rotation ([a]n = + 26°)
showed that it belongs to the D-series.

The structure of 3-acetylamino-3,6-dideoxy-D-galactose"
was also confirmed by analysis of the mass spectrum of the
corresponding aminodeoxyalditol acetate which exhibited char-
acteristic fragmentation. The 13C NMR spectrum of this com-
pound contained signals at 17 and 52 ppm, and the •H NMR
spectrum demonstrated the ga/acfo-configuration (the coupling
constant values were: 72,3=10, ^3,4 = 4, .74,5 = 1 Hz). The
D-configuration was established by comparison with a synthetic
authentic sample and confirmed by the specific optical rotation. It
is interesting to note that initially this monosaccharide was
erroneously assigned the D-g/wco-configuration,100 and this error
was corrected later.98

The structure of 3-acetylamino-3,6-dideoxy-L-glucose, the
only monosaccharide in this group having the L-configura-
tion,96-97 was established by the same methods, and its absolute
configuration determined by circular dichroism.

Several methods for the synthesis of 3-amino-3,6-dideoxy-
aldoses are known. These compounds were obtained by the
classical Fischer-Bayer method (condensation of dialdehydes
prepared by oxidation of 6-deoxyhexose glycosides with nitro-
methane followed by reduction of the nitro group). As an
example, we refer to the synthesis of a derivative of 3-acetyl-
amino-3,6-dideoxy-L-glucose (Scheme 10).101

Scheme 10
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Methyl-a-L-rhamnopyranoside 91 was oxidised by periodate,
and the dialdehyde 92 derived was condensed with nitromethane
in the presence of sodium methoxide. The resulting isomeric
3-nitrohexoses 93 were reduced over Raney nickel; the corre-
sponding amino sugars were JV-acetylated, and then methyl
3-acetyl-amino-3,6-dideoxy-a-L-glucopyranoside 95 was isolated
from the resulting mixture of the amino acetates 94 by chroma-
tography in a 26% yield. Other aminodeoxyhexoses can be
synthesised by conventional methods based on inversion of the
configuration at certain carbon atoms (e.g., see Ref. 102).

The third group of amino sugars present in O-antigenic PS are
derivatives of 4-amino-4,6-dideoxyhexoses, although they seem to
be less common than their 3-amino analogues. By now, three
hexoses of this type having the V>-gluco-, D-marmo- or D-galacto-
configuration have been identified. The amino groups in these
monosaccharides are acylated (usually, acetylated).

4-Amino-4,6-dideoxy-D-glucose 96 (4-amino-4-deoxy-D-qui-
novose, viosamine) was first identified as the JV-acetyl derivative in
PS of Escherichia coli 07 where it is present in the main chain.103

As an iV-acyl derivative carrying the iV-acetylglycine residue, it
was also found in PS of Shigella dysenteriae 7,104> 105 and as the
JV-formyl derivative in PS of Francisella tularensis 15 (tularemia
pathogen).106 Recently this sugar was also detected in PS of Vibrio
anguillarum107 and in O-antigenic PS ofHafnia alvei 1205 having
an unusual polysaccharide chain similar to that of teichoic
acids.108
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The monosaccharide 96 was isolated as a structurally complex
JV-acylated derivative after treatment of PS with liquid HF and, to
simplify analysis, further converted into the iV-acetyl derivative.
Its structure was studied by physicochemical methods. The mass
spectum of the fully acetylated aminodeoxyalditol 97 derived
contained fragments with m/z 288 and 158 as well as the
corresponding series of secondary ions indicating the presence of
a deoxy unit at C(6) and of an acetylamino group at C(4). Such a
structure was confirmed by 13C NMR spectroscopic data [signals
atl8.0 ppm for a CH3 group and at 58.2 ppm for C(4)]. The gluco-
configuration of the monosaccharide was established by lH NMR
spectroscopic data, and the absolute configuration was confirmed
by the specific optical rotation ([a]n = +17°) which almost
coincided with the corresponding value for the synthetic sample
(see below).

At present, identification of this aminodeoxy sugar (as well as
of its isomers) is performed almost exclusively on the basis of
NMR spectral data of the initial PS themselves.

4-Amino-4,6-dideoxy-D-mannose 98 (4-amino-4-deoxy-D-
rhamnose, perosamine) was first detected as an iV-acyl derivative
with 2-deoxy-L-g/ycero-tetronic acid in O-antigenic PS of Vibrio
cholera Inaba (Asian cholera pathogen) where it forms a homo-
polysaccharide.109 Later, it was found as the iV-formyl derivative
in a homopolysaccharide in O-antigenic PS ofBrucella melitensis
(brucellosis pathogen).110 As some other iV-acyl derivatives, it is
present in PS of several species of Salmonella,111-112 Escherichia
co/i,113-114 Yersinia115 and Xanthomonas.U6 Since 4-amino-4,6-
dideoxyhexoses are very unstable in acid media, they were isolated
as iV-acyl derivatives exclusively by solvolysis of PS with liquid
HF.

NHAc
95
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The monosaccharide 98 was identified by the mass spectrum
of the corresponding aminoalditol acetate which appeared to be
identical with that of the alditol derived from the gVuco-analogue.
That this monosaccharide belongs to the wan/io-series was first
demonstrated by deamination with nitrous acid of deacetylated
PS: hydrolysis of deaminated PS revealed the presence of
D-rhamnose and 6-deoxy-D-allose which could be formed only
when the original monosaccharide contained the NH2 group at
C(4) and had the /waww-configuration.109 Later, it was confirmed
by 'H NMR spectroscopic analysis of the PS itself that this
monosaccharide belongs to the manno-series (the coupling con-
stant values were: /2,3 = 4.5, J3A = 10, JA,S = 10 Hz). The abso-
lute configuration of the monosaccharide was established by its
conversion into a glucoside with (—)-butan-2-ol.

4-Amino-4,6-dideoxy-D-galactose 99 (4-amino-4-deoxy-D-
fucose, tomosamine) occurs less frequently and has thus far been
found only in O-antigenic PS of Escherichia coli O10117 and
Pseudomonas fluorescens.ui In the former PS the amino sugar is
JV-acylated by the residue of 3-hydroxybutyric acid and localised
in the side chain attached to the main chain of the PS; in the latter
case the PS is AT-acetylated. The amino sugar was isolated after
solvolysis of PS with liquid HF; its structure was established by
'H NMR spectroscopic data: the position of the N-&cy\ group was
poved by a low-field shift of H(4), and the ga/acfo-configuration
was concluded from the coupling constant values: ^23 >10,
./3,4~4.5,/4,5~l-8Hz.118

Synthesis of several 4-amino-4,6-dideoxyhexoses was carried
out by using a general approach well-known in sugar chemistry:
introduction of an amino function into a neutral monosaccharide
via the corresponding azide. By illustration, let us consider the
synthesis of tomosamine and viosamine119 derivatives from
glucose (Scheme 11).

Scheme 11
:H 2 OMS

OH
103 99a

Methyl-2,3-di-0-benzyl-a-D-glucopyranoside 100 was con-
verted into the dimesylate 101, which after interaction with KI,
hydration of the corresponding monoiodide and repeated mesyla-
tion gave the 4-0-mesylate of 6-deoxyglucose 102. The reaction of
the compound 102 with sodium azide accompanied by inversion
of the configuration gave the azide 103 hydration of which was
accompanied by removal of the benzyl groups to yield the
glycoside of tomosamine 99a. To obtain the g/nco-analogue,
double inversion at C(4) was used: the mesylate 102 was con-
verted into a galactose derivative by reaction with sodium
benzoate. The derivative of 4-amino-4,6-dideoxyglucose 96

(R = H) (viosamine) was obtained via the corresponding azide
after debenzoylation and mesylation of the galactose derivative.

c. Diaminotrideoxyhexoses
PS of some Gram-negative bacteria were found to contain amino
sugars of unusual structure, which belong to 6-deoxyhexoses
containing two amino groups at C(2) and C(3) or at C(2) and
C(4) and only one hydroxy group. Diaminotrideoxyhexoses are
distinguished by high lability to acids and usually cannot be
isolated in the pure state. Their structure was mostly established
by NMR spectroscopic and mass spectrometric data for oligosac-
charide fragments isolated by partial cleavage of the correspond-
ing PS.

The only representative of 2,3-diamino-2,3,6-trideoxyhexoses
in O-antigenic PS is a derivative of 2,3-diamino-2,3,6-trideoxy-D-
mannose 104 (2,3-diamino-2,3-dideoxy-D-rhamnose) containing
iV-formyl and JV-acetyl substituents at the amino groups at C(3)
and C(2), respectively.

CH2OH CH2OH
J I
CH2OH CH2OH

o J O HO I o CH2OH
\ (o HO\ k) \ ro-

105

H O —
OH Me

This monosaccharide is a component of PS of Escherichia coli
Ol 19, where it occupies the position of a lateral substituent of the
polysaccharide chain and is an immunochemical determinant.120

Its structure was established on the basis of the following data.
The PS was oxidised two times with periodate, and the subsequent
Smith degradation resulted in the oligosaccharide 105 containing
a diaminotrideoxyhexose residue. This finding was confirmed by
mass spectrometric data: the FAB mass spectrum of the PS
contained a fragment with m/z 215 suggesting the presence of a
diaminotrideoxyhexose residue carrying iV-formyl and JV-acetyl
substituents as well as the corresponding secondary fragments,
thus indicating the localisation of the formyl residue at the amino
group at C(3). The complex NMR spectra of the tetrasaccharide
105 contained signals of the diaminotrideoxyhexose residue. In
the 13C NMR spectra the signals of C(2) and C(3) (52.11 and
53.03 ppm) demonstrated the presence of the acylamino groups at
these atoms. The signals at 165 and 168 ppm indicated the
presence of a formylamino group, and the signal at 176.36 the
presence of an acetylamino group. The signal at 17.86 ppm
corroborated the presence of the CH3 group at C(6). Application
of the INEPT technique to NMR spectroscopic analysis revealed
localisation of the iV-acetyl group at C(2) and the iV-formyl group
at C(3).

In the JH NMR spectra the coupling constant values
C/2,3 = 4.0, /3,4 = 10.3, /4,s = 9.5 and J$fi = 6.1 Hz) suggested
the manno-configuration for the monosaccharide.

The absolute configuration of the monosaccharide 104 was
evident from the NOE data: irradiation of H(l) of this sugar
caused a strong effect on the adjacent H(2) in the chain of the
oligosaccharide 105 mannose residue. This finding suggested that
both monosaccharides have the same absolute configuration.
Since mannose had the D-configuration, the novel monosaccha-
ride was also assigned the D-configuration. Therefore, the novel
sugar was identified as a derivative of 2,3-diamino-2,3,6-trideoxy-
D-mannose.

2,4-Diamino-2,4,6-trideoxyhexoses are more common in PS.
Thus, derivatives of 2,4-diamino-2,4,6-trideoxy-D-glucose 106
(bacillosamine) were first detected in PS of the cell wall of Bacillus
licheniformis nt and, later, in O-antigenic PS of several species of
Pseudomonas aeruginosa,122 Pseudomonas aurantiaca,123 Vibrio
cholerae O3 58> 124 and Fusobacterium necroforum.125 A derivative
of this amino sugar with the acetylated amino group at C(2) and
the amino group at C(4) acylated with 3-hydroxybutyric acid was
isolated in the pure state from PS of P. aeruginosa O3 only after
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solvolysis with liquid HF.122 The 13C NMR spectrum of the
monosaccharide indicated the presence of a CH3 group
(18.3 ppm) at C(6) and of amino groups at C(2) and C(4) (57.6
and 56.8 ppm). High coupling constant values for the ring protons
(/2,3, /3,4 and /4,s « 10 Hz) demonstrated unambiguously the
g/uco-configuration of this monosaccharide. The absolute
D-configuration was evident from the specific optical rotation
( M D = + 36°)- A11 t h e characteristic signals of the NMR spectra
of the monosaccharide 106 mentioned above were also found in
the spectra of the PS itself and of its fragments.
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For final establishment of the position of the amino groups
and localisation of the acyl substituents by routine degradation of
PS, the alditol 107 was obtained by solvolysis with anhydrous HF
followed by reduction with NaBH4 and methylation involving the
NH groups. The mass spectrum of the alditol 107 contained
fragments with m/z 202 and 246 which confirmed the presence of
an N-acetyl group at C(2) and of a iV-hydroxybutyryl group at
C(4).122

In subsequent studies, this diamino sugar was not isolated and
its identification was carried out by NMR spectroscopy of the
initial PS. Mass spectrometry of PS fragments obtained by their
cleavage made it possible to establish the structure and local-
isation of A'-acyl groups. For instance, it was found that
bacillosamine in PS of Vibrio cholerae O3 is acetylated at the
amino group at C(2) and acylated by the residue of 3,5-dihydroxy-
hexanoic acid at the amino group at C(4) (see Section 4).58

2,4-Diamino-2,4,6-trideoxy-D-galactose (108), a monosac-
charide isomeric with bacillosamine and having an acetylated
amino group at C(2), was found in O-antigenic PS of Shigella
sonnei}16 The monosaccharide 108 failed to be isolated in the pure
state even by solvolysis with HF, and its structure was determined
on the basis of the 13C NMR spectrum of PS which contained
signals similar to those observed for its g/uco-isomer: 17.3 (CH3
group), 56.6 and 53.0 ppm [C(2) and C(4) substituted by the
amino groups]. The D-configuration was assigned to the mono-
saccharide based on the results of deamination and subsequent
hydrolysis of PS. The formation as the main product of
2-acetylamino-2,6-dideoxy-D-glucose and (after reduction) of
small amounts of a mixture of 2-acetylamino-2,4,6-trideoxyhex-
oses allowed a conclusion that the monosaccharide has the
ga/ac/o-configuration.

NHAc
108

No more unambiguous proof of the amino sugar configuration is
given. The presence in the 'H NMR spectrum of PS (at pH 10) of a
signal at 3.15 ppm with small coupling constant values also
confirmed the axial position of the free amino group at C(4) and,
correspondingly, the ga/acto-configuration of the monosaccha-
ride.

8. Hexuronic acids
Many O-antigenic PS contain acidic monosaccharides. The
presence of such components in PS localised on the surface of
the microbial cell confers specific properties on the bacterial
envelope. In some cases it protects the cell from external agressive
factors and offers an alternative to the microbial capsule which
fulfils a similar protective function in encapsulated bacteria. At
the same time, the presence of acidic components in O-antigenic
polysaccharides strongly influences the character of the somatic
antigen, since it is precisely the acidic monosaccharide that often
plays the role of the immunodominant group.

The most common acidic monosaccharides present in the
polysaccharide chain of O-antigenic PS are hexuronic acids. Two
of those, D-glucuronic and D-galacturonic acids are widespread in
nature and are common components of microbial PS of a number
of Gram-negative bacteria belonging to different species. Proce-
dures for their identification have been well developed and
standardised and their chemistry has been studied in a sufficiently
great detail. Uronic acids bearing one or two amino groups occur
as well.

a. 2-Amino-2-deoxyhexuronic acids
O-Antigenic PS have been found to contain some representatives
of 2-amino-2-deoxyhexuronic acids with the D-galacto-,
D-mamo-, L-galacto-, L-gulo- and L-a/fro-configuration. In an
effort to isolate and to establish the structure of aminuronic acids
at various stages of analysis of microbial PS, different approaches
were employed depending upon the degree of sophistication of the
physicochemical approaches developed at the time when the
particular study was carried out. Recent trends are towards the
use of NMR spectroscopy of PS for establishment of the structure
of aminuronic acids and their fragments and of mass spectrometry
of alditols derived by their reduction. Of chemical methods, the
most often used is the reduction of the carboxy group of a uronic
acid resulting in formation of the corresponding easily identified
2-acylamino-2-deoxyhexose. This allows a direct conclusion
about the structure of the initial aminuronic acid including its
absolute configuration.

2-Amino-2-deoxy-D-galacturonic acid 109 in the form of its
derivatives is found in O-antigenic PS more frequently than other
sugars of this class. It is detected in PS of Shigella dysenteriae 7,105

some serotypes of Pseudomonas aeruginosa,m~X3° Salmonella
arizonae127 and Vibrio anguillarum107 as well as in some capsular
PS. A homopolysaccharide built up of residues of this aminuronic
acid has long been known as the Vi-antigen of Gram-negative
bacteria.ul The amino group of this and other aminuronic acids is
usually acylated (most commonly acetylated), while the carboxy
group is free. In PS of some bacteria the carboxy group is present
as an amide; sometimes the same PS contains various proportions
of both free acid and its amide. 2-Acetylamino-2-deoxy-D-
galacturonic acid and its amide as well as other aminuronic acids
can be isolated in the pure state using various procedures for PS
cleavage: solvolysis with liquid HF, acid hydrolysis, methanolysis,
e t c 127,128 T o s e p a r a t e the amide of iV-acetylaminogalacturonic
acid from the free acid and to isolate it in the pure state, the
following approach was used: the PS was first reduced with
NaBH4 in the presence of a water-soluble carbodiimide (the
uronic acid residue was thereby converted into 2-acetylamino-2-
deoxygalactose, while the amide residue was not reduced) and
subjected to solvolysis with liquid HF.

COOH
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NHR
109
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To determine the structure of aminogalacturonic acid deriva-
tives, they were converted into the acetates of the corresponding
alditols, and the amides of galacturonic acid into the acetates of
the aldonic acid amides. Then, their structure was established by
mass spectrometry. Significantly, this approach made it possible
to keep the JV-acyl group residues unchanged and to determine
their structure. For example, the presence in the mass spectrum of
the acetate of the amide of S-acetylamino-S-deoxygalactonic acid
111 (obtained by reduction and acetylation of the amide of
2-acetylamino-2-deoxygalacturonic acid 110) of fragments with
m/z 331 and 144 suggests the presence of an N-acetylamino group
in the amide 110 and reveals its position.
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The structure of 2-amino-2-deoxygalacturonic acid can be
established on the basis of NMR spectroscopic data. Thus, the 13C
NMR spectrum contains a signal due to the carboxy group at
173-176 ppm and a signal of C(2) substituted by the amino group
at 49-51 ppm. The assignment of the acid to the galacto-series
was done on the basis of the 'H NMR spectrum: the coupling
constant values for the ring protons were: 72,3 = 1 1 , /j,4 = 3 and
•/4i5 = 1.5 Hz. The specific optical rotation ([<x]D = +17.9°) cor-
roborated the absolute configuration of the monosaccharide.

Polysaccharides of some other serotypes of Pseudomonas
aeruginosa were found to contain the L-isomer of the acid 109,
2-acetylamino-2-deoxy-L-galacturonic acid 112,122-132 which, like
its D-isomer, is a component of the main chain of PS. The presence
in PS of the uronic acid was also evident from spectral data: the IR
spectrum contained an absorption band at 1740 cm~ • and the 13C
NMR spectrum a signal at 175 ppm belonging to the carboxy
group.

Reduction of PS with NaBH4 and subsequent hydrolysis
resulted in isolation and identification of 2-acetylamino-2-deoxy-
L-galactose (JV-acetyl-L-galactosamine), thus confirming finally
the structure of the monosaccharide 112 including its absolute
configuration.

A derivative of 2-amino-2-deoxy-D-mannuronic acid 113 was
found in O-antigenic PS of Vibrio choleras O5.124 The acid 113 was
not isolated in the pure state, and its structure was established by a
non-destructive method based on a detailed analysis of NMR
spectra of the PS itself. Thus, the 13C NMR spectrum of the
aminomannuronic acid residue contained a carboxy group signal
at 160 -170 ppm; in addition, the presence of the carboxy group
of the uronic acid was evident from the absence of H(6) signals in
the *H NMR spectrum in combination with a characteristic pH
dependence of the H(5) proton shift. For confirmation of the acid
113 structure, the polysaccharide was reduced with NaBD4 and
hydrolysed. As a hydrolytic product, a derivative of 6-PH2]-
mannosamine was isolated and identified by mass spectrometry
as the acetate of the corresponding alditol. The /wawjo-configura-
tion of the acid was corroborated by NMR spectroscopic data of
the initial PS. The absolute configuration was suggested on the
basis of the glycosylation effects determined from the 13C NMR

spectrum taking into account the type of substitution of the
adjacent unit in the polysaccharide chain.
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The derivatives of the two other 2-amino-2-deoxyuronic acids,
2-acetylamino-2-deoxy-L-guluronic acid and 2-acetylamino-2-
deoxy-L-altruronic acid, are very rare in occurrence and have
thus far been found only in O-antigenic PS.

2-Acetylamino-2-deoxy-L-guluronic acid 114 was found in PS
of Alteromonas macleodi 2MM.133 Its structure was established by
a non-destructive method. The presence of the uronic acid residue
was confirmed by the signals corresponding to the carboxy group
(177.7 ppm) and C(2) substituted by an amino group (52.4 ppm)
in the 13C NMR spectrum of the polysaccharide and was also
corroborated by a low-field shift of the H(2) signal in the 'H NMR
spectrum (4.38 ppm). The gufo-configuration of the acid is evident
from the 'H NMR spectrum of the polysaccharide, in which the
coupling constant values for the ring protons are characteristic of
the gulo-series 0/2,3 = 9, ^3,4 = 4.0, 74,5 = 2 Hz). The absolute
L-configuration of the acid was suggested on the basis of NOE
measurements for PS and construction of molecular models.
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2-Acetylamino-2-deoxy-L-altrouronic acid 115 was found in
PS of Shigella sonnei, phase I.126-134 It was isolated in the pure
state by acid methanolysis of PS followed by iV-acetylation. Its
reduction with NaBH4 gave 2-acetylamino-2-deoxy-L-altrose
identified by comparison with an authentic sample using the
specific optical rotation.134 More recently,126 the 13C NMR
spectrum of the acid 115 containing, in particular, signals at
175.6 (COOH) and 56.8 ppm [C(2)] was recorded. The L-config-
uration of the acid was confirmed by the fact that ninhydrin
oxidation of 2-acetylamino-2-deoxyaltrose derived by its reduc-
tion gives L-ribose.126

NHR
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b. 2,3-Diamino-2,3-dideoxyhexuronic acids
These structurally unique acidic monosaccharides are rare in
occurrence and have thus far been detected only in O-antigenic
PS of several strains of Pseudomonas aeruginosa and one of their
representative has been found in PS of Bordetella. These mono-
saccharides are unstable in acid media and not all of them could be
isolated in the pure state; determination of their structure posed
considerable difficulties which could be obviated by structural
analysis of oligosaccharide fragments obtained by partial degra-
dation of PS in combination with a thorough analysis of the NMR
spectra of the PS themselves.

Currently, derivatives of 2,3-diamino-2,3-dideoxyuronic acids
having the D-g/uco-, D-manno-, D-galacto- and L-gu/o-configura-
tions are known.
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2,3-Acetylamino-2,3-dideoxy-D-glucuronic acid 116 was
found in PS of P. aeruginosa O6.135-136 Using this acid as an
example, a scheme for structural analysis of these unusual
monosaccharides has been elaborated (Scheme 12). The presence
in PS of a free carboxy group was confirmed by the presence in the
IR spectrum of a band at 1740 cm"1. Solvolysis of PS with liquid
HF performed at room temperature gave the disaccharide 117
containing a uronic acid. Successive reduction of the disaccharide
with NaBH4 followed by oxidation with HIO4, repeated reduc-
tion with NaBFLt and carboxyl reducion resulted in the compound
118. Strong acid hydrolysis of 118 and its subsequent Af-acetyla-
tion gave 2,3-diacetylamino-2,3-dideoxyhexose 119. The structure
of the acid 119 was established by mass spectrometric analysis of
the alditol acetate 120 derived from 119.

Scheme 12
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The mass spectrum of the compound 120 contained fragments
with m/z 288,215 and 144; such fragmentation, which is character-
istic of 2,3-diacetylamino-2,3-dideoxyhexitol acetates, was previ-
ously observed for synthetic samples.137
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The 13C NMR spectrum of the disaccharide 117 contained
signals belonging to the carboxy group (176 ppm) and C(2) and
C(3) substituted by the amino group (54.9 and 56 ppm). High
coupling constant values of the ring protons in the 'H NMR
spectrum of the monosaccharide 116 (̂ 2,3 = 11.5,
/3,4 = 74,5 = 10.0 Hz) indicated its g/uco-configuration. The acid
116 was assigned to the D-series on the basis of direct comparison
of the diacetyldiaminohexose 119 derived by reduction of 116 with
a synthetic sample of 2,3-diacetylamino-2,3-dideoxy-D-glu-
cose.138

Derivatives of 2,3-diamino-2,3-dideoxy-D-mannuronic acid
121 were found in PS of several serotypes of Pseudomonas
aeruginosa where they are present in the main chain as one or
two residues.139-140 The amino groups of the acid appeared to be
substituted by acetyl and acetimidoyl (acetamidino) groups. It
should be noted that the latter is unique for carbohydrate
derivatives and was first detected in O-antigenic PS. The presence
of an acetimidoyl group offered some difficulties in elucidation of

the structure of diaminomannuronic acid derivatives and origi-
nally prompted an erroneous conclusion about the presence in PS
of a monosaccharide containing a condensed pyrano-imidazoline
system.139> 14° Subsequently this error was corrected.141 Therefore,
to simplify the structural analysis, the polysaccharide or its
fragments were treated with triethylamine to convert the acetimi-
doyl group into a more common acetyl group.

COOH
O

The structure of the acid 121 was established by the scheme
described above for the g/uco-analogue. Evidence for the presence
of a carboxy group was derived from the band at 1725 cm~ • in the
IR spectrum of PS. Successive solvolysis of PS with liquid HF,
reduction with NaBH4, oxidation with HIO4, repeated reduction
with NaBH4, treatment with triethylamine (conversion of the
JV-acetimidoyl into the JV-acetyl group) and carboxyl reduction
gave the trisaccharide derivative 122.

CH2OH

—NHAc

CH2OH

Drastic hydrolysis of 122 afforded 2,3-diacetylamino-2,3-
dideoxy-D-mannose 123 whose structure was corroborated by
mass spectrometry of the corresponding diacetylaminoalditol
acetate. Fragmentation of this derivative proceeds by the same
pathway as that of the alditol obtained from the g/uco-analogue.
The parameters of the NMR spectra of the diaminuronic acid
residue present in the acetate of the trisaccharide 122 confirmed its
structure: the 13C NMR spectrum contained signals of C(2) and
C(3) carrying NH groups at 52.3 and 52.5 ppm, and the coupling
constant values of the ring protons in the lVL NMR spectrum were
consistent with the /nowio-series (̂ 2,3 = 3.9, ̂ 3,4 w /t,5 = 9.8 Hz).
Finally, the absolute configuration of the diacetylaminodideoxy-
hexose obtained from PS was confirmed by direct comparison
with a synthetic sample of 2,3-diacetylamino-2,3-dideoxy-D-
mannose.143

:H2OH

OH

HO

The third isomer of diaminuronic acids of this series, a
derivative of 2,3-diacylamino-2,3-dideoxy-L-guluronic acid 124
containing an JV-acetimidoyl group, was found in PS of several
subtypes of Pseudomonas aeruginosa O3 140> l43 and Pseudomonas
aeruginosa immunotype 7.143> 144 Some of these PS also contained
a residue of 2,3-diamino-2,3-dideoxy-mannuronic acid that posed
some problems while establishing the structure of the gulo-isomer,
since interpretation of the NMR spectra of fragments containing
both isomeric diaminouronic acids was quite complicated.

HO
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The structure of 2,3-diacetylamino-2,3-dideoxy-L-guluronic
acid in PS of Pseudomonjas aeruginosa O3 was established using
the same scheme as for its gluco- and maww-analogues. After
detection in the IR and NMR spectra of PS of signals for carboxy
groups, the polysaccharide was subjected to solvolysis with liquid
HF and subsequent treatment as described above. This resulted in
a derivative of the trisaccharide 125 containing residues of
diaminouronic acids with the manno- and gWoconfigurations
that was corroborated by NMR spectroscopy.

RO

COOH

_ /NHAc V '

125, R = H;
126, R = Ac

CH2OR

- N H A c

RO—

- O R

Me

Regretfully, not only the derivative of the diaminoguluronic
acid itself but also the product of its reduction, 2,3-diacetylamino-
2,3-dideoxy-L-gulose, appeared to be rather unstable in acid
media. The latter also failed to be isolated and identified. For
this reason the structure and the configuration of the diamino-
guluronic acid was established by analysis of the complex NMR
spectra of the trisaccharide derivative 125 and its acetate 126 (their
composition was confirmed by mass spectrometry) using special
versions of NMR spectroscopy. It was found that, in addition to
the carboxy group, the novel monosaccharide contains two
acetylamino groups at C(2) and C(3) and has the gt/fo-configura-
tion as evidenced by the coupling constant values for the ring
protons in the 'H NMR spectrum (/2,3 = 4.5, /3,4 = 3.0 and
/4,5 = 3.0 Hz). This configuration was finally corroborated by
comparison of signals of the carbon atoms belonging to the
residue of the acid 124 in the 13C NMR spectrum of the derivative
125 with the spectral characteristics of synthetic samples of all
isomeric 2,3-diacetylamino-2,3-dideoxyhexoses.145 This config-
uration was also established for the oligosaccharide 127, one of
the intermediate products of selective cleavage of PS from
Pseudomonas aeruginosa immunotype 7, during the analysis of
the NMR spectra.144

NHAc

The absolute L-configuration of diaminoguluronic acid was
evident from the specific optical rotation of the oligosaccharide
125. It was finally confirmed by analysis of the 13C NMR
spectrum of the trisaccharide 127 using the dependence of the
glycosylation effects on the absolute configuration of the neigh-
bouring monosaccharide units. A negative P-effect of glycosyla-
tion (0.9 ppm) on C(3) of the diaminomannuronic acid (for which
the D-configuration had been established previously) attached to
the diaminoguluronic acid residue in 127 by the oc-glycosidic bond
at position C(4) demonstrated, unambiguously, the L-configura-
tion of 2,3-diacetylamino-2,3-dideoxyguluronic acid.

Recently, the fourth isomer of diaminodideoxyhexuronic
acids, 2,3-diacetylamino-2,3-dideoxy-D-galacturonic acid (128),
was identified. This acid is a component of O-antigenic PS of the
Gram-negative bacteria Bordetella bronchiseptica and Bordetella
parapertussis.146 Both PS are homopolysaccharides built up of
diaminogalacturonic acid residues, the immunochemical differ-
ence between the antigens being exclusively due to variations in
the structure of the core of the corresponding LPS. The structure
of the novel monosaccharide was established without any diffi-
culty by a non-destructive method using NMR spectroscopy. The

presence of signals of the carboxy group (175 ppm) and of C(2)
and C(3) bearing amino groups (46.6 and 49.1 ppm) in the 13C
NMR spectra and the coupling constant values for the ring
protons in the 'H NMR spectrum characteristic of the galacto-
series (J2,i = 10.8, J3A = 3.0 and /4,s = 3.0 Hz), fully confirmed
the structure of 2,3-diacetylamino-2,3-dideoxygalacturonic acid.
The absolute D-configuration was evident from the specific
optical rotation of the PS.

NHAc
128

Recently, the first representative of 2,4-diamino-2,4-dideoxy-
uronic acids has been identified. 2,4-Diacetylamino-2,4-dideoxy-
D-glucuronic acid 129 was found in O-specific PS of Thiobacillus
IFO 14570.147 The structure of this PS was established by a non-
destructive method using a complex analysis of PS with the help of
several versions of NMR spectroscopy, including NOE measure-
ments. This study is an exellent demonstration of contemporary
structural analysis of a structurally complex PS using NMR
spectroscopy alone. Signals of the diaminoglucuronic acid resi-
due identified in the two-dimensional heteronuclear *H-13C
NMR spectrum corroborated the structure of the molecular
skeleton: the I3C NMR spectrum contained a signal at
173.0 ppm [COOH group at C(6)] and signals at 55.3 and
56.5 ppm [the carbon atoms at C(2) and C(4) containing NHAc
substituents]. Large coupling constant values for the ring protons
in the 'H NMR spectrum (9-10 Hz) showed the g/wco-config-
uration of the acid 129, and the data obtained during NOE
measurements proved the D-configuration.

COOH

J
AcNH

NHAc
129

To the above statements concerning hexuronic acids it must be
added that sometimes these monosaccharides are present in PS as
amides. This fact may have a considerable influence on the
immunochemical specificity of the whole biopolymer, since
amides, in contrast to the parent acids, are neutral and their
presence alters the distribution of charged groups along the
polysaccharide chain. In this context, identification of a uronic
acid amide and its localisation in the chain are integral parts of
structural analysis of O-antigenic PS.

Up to the present, both unsubstituted glycuronamides and
more complex compounds of this series with the carboxy group
amidated, e.g., by an amino acid, have been found in PS (see
Section 5).

Unsubstituted amides of uronic acids were detected in poly-
saccharides of various classes. For the first time, they were found
in PS of several serotypes of Pseudomonas aeruginosa}'2* which
contain 2-acetylamino-2-deoxy-D-galacturonamide. More
recently, this same hexuronamide was detected in PS of Shigella
dysenteriae 7105 and Vibrio anguillarum.101

Since identification of unsubstituted hexuronic acids is now
being carried out by a non-destructive method on the basis of
NMR spectra, and the spectra of the acid and its amide differ
insignificantly, the presence of an amide group is usually estab-
lished by the pH dependence of the position of the H(5) signal in
the 'H NMR spectrum: for an amide the chemical shift of this
signal does not depend on pH, while in case of an acid the signal is
shifted down-field with a decrease in pH (due to the effect of the
adjacent carboxy group).148 Thus, it was shown that the PS chain
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of Shigella dysenteriae 7 contains two adjacent units, 2-acetyla-
mino-2-deoxy-D-galacturonic acid and its amide: with a drop in
pH from 9 to 1 the signal of H(5) of the acid residue is shifted from
4.40 to 4.63 ppm, whereas the chemical shift of the amide signal
remains unchanged.

In conclusion, it should be noted that amidation of hexuronic
acid residues in the PS chain may also be non-stoichiometric. In
this case the same PS may comprise both a free acid and its amide,
their quantitative ratio being different for PS of related serotypes
or subtypes. This phenomenon was studied for several subtypes of
PS of Pseudomonas aeruginosa O4 containing residues of both
2-deoxy-2-formylamino-D-galacturonic acid and its amide. By
using anion-exchange and reversed-phase chromatography for
separation of the trisaccharide fragments obtained from PS after
solvolysis with liquid HF and study of the pH dependence of their
>H NMR spectra, it was found that the degree of amidation of this
uronic acid in subgroups O4a,4b, O4a,4d and O4a,4c is 10%, 20%
and 0%, respectively.148 Derivatives of more complex amides of
uronic acids containing 'non-carbohydrate substituents' will be
considered in Section 5.

9. Glyculosonic acids
Glyculosonic acids are a-keto acids of the carbohydrate series.
These acidic monosaccharides which have a peculiar structure are
found in various PS of microbial origin; however, the main source
of glyculosonic acids is extracellular and capsular PS. The chain of
natural glyculosonic acids may comprise 5 to 9 carbon atoms;
some of those acids contain deoxy units and amino groups.

Most widespread representative of glyculosonic acids in the
microbial world is 3-deoxy-D-ffianno-octulosonic acid (KDO), an
indispensable component of the inner core of all Gram-negative
bacteria.149 This acid, like some hexulosonic acids as well, was
found in capsular PS of Klebsiella and some other bacteria (see
review 6).

In the present review we shall restrict our consideration to only
some representatives of this class of acidic monosaccharides
detected in O-antigenic PS of Gram-negative bacteria. Of those,
most widespread is 5-amino-3,5-dideoxy-D-g/ycero-D-ga/ac*o-
nonulosonic acid 130 more commonly known as neuraminic
acid. Derivatives of this acid having the common name of sialic
acids are especially widely distributed in carbohydrate-containing
biopolymers of animal tissues where they enter into the carbohy-
drate chains of glycoproteins and glycolipids and play a crucial
role in the determination of specific biological properties and
conversions of these biopolymers.150

H2N

Residues of neuraminic acid and other glyculosonic acids are
present in the PS chain in the pyranose form 130 and have a deoxy
unit adjacent to the anomeric centre. Derivatives of neuraminic
acid are distinguished by high acid lability and are destroyed
during hydrolysis of the carbohydrate-containing biopolymer.
Perhaps, for this particular reason, derivatives of neuraminic
acid were first identified in O-antigenic PS not long ago.

So far, JV-acetyl derivatives of neuraminic acid have been
found in O-antigenic PS of several bacteria: Salmonella arizo-
naei5i,i52 atrobacter freundii,152 Escherichia co/i,152"156 Hafnia
a/ve,-i52,i57 a n ( j vibrio cholerae.lst They are also present in some
extracellular PS. One of such polysaccharides, the long known
colaminic acid, is a homopolysaccharide composed of residues of
iV-acetylneuraminic acid.159

Because of the wide occurrence of neuraminic acid derivatives
in glycoproteins and glycolipids, their chemical properties and
spectroscopic characteristics have been studied in great detail and
are comprehensively discussed in reviews.150-160 In this connec-

tion, identification of a neuraminic acid residue (or its derivatives)
in O-antigenic PS is now being achieved by a non-destructive
method based on the NMR spectroscopic analysis of the PS itself
or of its oligosaccharide fragments.

Recently, another two structurally unique representatives of
aminodeoxynonulosonic acids have been identified in O-antigenic
PS. Derivatives of one of them, 5,7-diamino-3,5,7,9-tetradeoxy-
L-g/ycero-L-mawwj-nonulosonic acid 131 (pseudaminic acid),
were detected in PS of several serotypes of Pseudomonas aerugi-
nosa,161 -I63 Shigella boydii 7161-162-164 and Vibrio cholerae O2.165

OH

H COOH

H2N 131

In the monosaccharides of these PS (with the exception of
V. cholerae PS) the amino group at C(5) is acetylated, while the
amino group at C(7) carries a formyl group or a residue of
3-hydroxybutyric acid. In the case of V. cholerae PS, the mono-
saccharide contains an acetylated amino group at C(7) and an
acetimidoyl group at the amino group at C(5).

Originally, the presence in these PS of a pseudaminic acid
residue was established by a qualitative reaction for N-acetylneur-
aminic acid with the resorcinol reagent.166 Furthermore, the 13C
NMR spectra of the fragments obtained by acid hydrolysis of PS
contained signals characteristic of a 3-deoxyaldulosonic acid.

In view of the high lability of pseudaminic acid derivatives
towards acids, the establishment of their structure met consider-
able difficulties. The main approaches161>162'164 used for deter-
mination of their complete structure can briefly be summarised as
follows. Carboxy groups of PS isolated from S. boydii 7 and
P. aeruginosa O10 were first reduced, and then the PS were
subjected to hydrolysis. This was accompanied by cleavage of
the glycosidic bonds of the reduced pseudaminic acid residues;
however, the monosaccharide residues themselves that are
deprived of their carboxy groups were not destroyed. The
products of the hydrolysis were then treated with NaBH4. After
methylation of the hydroxy groups, the oligosaccharide was
solvolysed with liquid HF. The resulting mixture of partially
methylated monosaccharides (in which the JV-acylated amino
groups were also iV-methylated) was reduced with NaBH4 and
acetylated. Chromato-mass spectrometry of the mixture of
partially methylated alditol acetates obtained after degradation
of PS of P. aeruginosa O10 revealed the presence of the alditol 132
containing nine carbon atoms and corresponding to the residue of
pseudaminic acid. Its fragmentation allowed establishment of the
structure of the skeleton and localisation of deoxy units [at C(3)
and C(9)] and aminoacyl substituents [at C(5) and C(7)].
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These data were confirmed by NMR spectroscopy of several
oligosaccharides containing residues of pseudaminic acid, which
were obtained by degradation of PS. For example, the 13C NMR
spectrum of the oligosaccharide 133 obtained by very mild acid
hydrolysis of PS from P. aeruginosa O5 contained signals belong-
ing to the residue of pseudaminic acid: at 99.7 ppm [C(2)] and
34.8 ppm [a deoxy unit at C(3)]. The 13C NMR spectrum of the
oligosaccharide 134 obtained by solvolysis of PS from P. aerugi-
nosa OlOa with liquid HF contained signals at 37.1 ppm [a deoxy
unit at C(3)], 49.1 ppm [C(5) carrying an aminoacyl substituent],
54.7 ppm [C(7) carrying an aminoacyl substituent] and 17.7 ppm
[a CH3 group at C(9)]. A slight difference between the chemical
shifts in the 13C NMR spectra of the compounds 133 and 134 is
attributed to the difference in the substituents of the amino groups
of pseudaminic acid in the fragments obtained from different
bacteria. The 'H NMR spectra of the oligosaccharides 133 and
134 fully corroborate the structure described above.

OH OH

COOH

MeCHCH2C
I II

OH O AcNH

NHAc
134

The configuration of pseudaminic acid was established by
analysis of the 'H NMR spectra of the fragment 135 obtained
from PS of S. boydii 7 by three successive Smith degradations
followed by its conversion into the methyl ester and acetylation.
The spectrum of the compound 135 is characterised by the
following coupling constant values for the ring protons:
JiaA — 13, J*,s = 3.5, /s,6 =1.6 Hz, that indicate the axial ori-
entation of H(4) and the equatorial orientation of H(5). The
equatorial orientation of the substituent at C(6) was confirmed by
NOE measurements which indicated the proximity of H(7) and of
the NH proton at C(5).

OAc

Me'
MeCHCH2<

I II I O A c
OAc O A c N H

135

O

OAc

These data suggest that the C(4) - C(5) - C(6) fragment of pseud-
aminic acid has the /yjco-configuration. A large coupling constant
value (/6,7 = 10 Hz) and a strong NOE on H(5) and H(6) caused
by preiirradiation of the NH proton at C(7) proved the erythro-
configuration of the C(6)—C(7) fragment. Finally, the L-erythro-
configuration of the C(7)—C(8) fragment of pseudaminic acid
was established by comparison of the glycosylation effects on C(9)
of pseudaminic acid and on C(l) of the glucosamine residue
(linked by the glycosidic bond to C(8) of pseudaminic acid in the
polysaccharide chain) as well as by analysis of the 13C NMR
spectra of model compounds, glycosylated derivatives of D- and
L-threonine and of D- and L-a/fo-threonine. These data suggested
that the C(7)—C(8)—C(9) fragment of pseudaminic acid is homo-
morphous with the fragment of L-a/fo-threonine, i.e., that the
C(7)—C(8) fragment has the L-ery/Aro-configuration. Therefore,
pseudaminic acid has the L-g/ycero-L-maww-configuration 131.161

Later, identification of pseudaminic acid derivatives in PS was
performed using 'H and 13C NMR spectroscopy (including NOE
measurements) taking into account the above data.163-165

Derivatives of a pseudaminic acid isomer, 5,7-diacylamino-
3,5,7,9-tetradeoxy-D-g/j>cero-L-ga/acto-nonulosonic acid 136,
were found in O-antigenic PS of Salmonella arizonae O61,167

Pseudomonas aeruginosa O13,168-169 Vibrio alginolyticus™ and
Legionella pneumophUa I.171 The amino groups of this nonulo-
sonic acid were acylated by various acids. A derivative was also
found which contained an JV-acetamidino group.171 The complete
structure of this acid was established by the same methods as
described for pseudaminic acid.168-169 Solvolysis of PS of
P. aeruginosa O13 with an HF solution in methanol resulted in
the disaccharide 137 containing residues of the nonulosonic acid
136 and fucosamine. After treatment with acetic anhydride in
pyridine, the disaccharide 137 underwent intramolecular cyclisa-
tion to give the lactam 138.

Me NH2 "
HO.,,.1 I -

H2N COOH

AcHN

OMe

138

The composition of the compounds 137 and 138 was con-
firmed by determination of their molecular weights using FAB
mass spectrometry. The 13C NMR spectra of the compounds 137
and 138 contained signals at 19.7 ppm [a CH3 group at C(9)], at
54.4 and 53.8 ppm [C(7) and C(5) carrying acylamino groups] and
42-41 ppm [a deoxy unit at C(3)]. The data obtained by lH NMR
spectroscopy were fully consistent with this structure of the
nonulosonic acid skeleton. The presence in the 'H NMR spectra
of characteristic coupling constant values for the ring protons
(Jia,ie = Jia.4 = 12, Jie,4 = 4.2, J4,s = Js,6 = 10 Hz) demon-
strated the axial orientation of the protons in the
C(4)—C(5)—C(6) fragment of the nonulosonic acid and, conse-
quently, its anzAffto-configuration. A small coupling constant
value (/6,7 = 2.5 Hz), which is close to the corresponding value
for N-acetylneuraminic acid (1.5 Hz) but different from that for
pseudaminic acid (10 Hz), indicates the r/ireo-configuration of the
C(6)-C(7) fragment. Finally, the C(7)-C(8) fragment was also
assigned the D-f/ireo-configuration which, as in the previous case,
was established on the basis of glycosylation data for the non-
ulosonic acid 136 and model glycosides of JV-acetylgalactosamine,
D- and L-threonine, D- and L-a/Zo-threonine.

Therefore, the nonulosonic acid 136 was ascribed the
D-glycero-L-galacto-conRgaiaiion. Later, this monosaccharide
containing various iV-substituents was detected in PS of other
bacteria.167'170>171 Its identification was carried out mainly by
non-destructive methods on the basis of NMR spectral data, some
of which were partly listed above. Analysis of oligosaccharide
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fragments obtained by partial cleavage of PS was performed only
in a few particular cases.

Among biopolymers containing the nonulosonic acid 136, PS
of Legionella pneumophila (the pathogen of a severe lung disease,
so-called 'Legionnaires disease') is of special interest.171 This PS is
a homopolysaccharide built up of residues of a derivative of
5,7-diamino-3,5,7,9-tetradeoxy-D-g/ycero-L-g-a/ac/o-nonulosonic
acid with acetamidino and JV-acetylamino groups at C(5) and
C(7), respectively, and is the first example of a polysaccharide of
this type. It should be stressed that identification of this non-
ulosonic acid and establishment of the structure of the whole PS
was carried out by a non-destructive method on the basis of NMR
spectral data alone.

In conclusion, it should be noted that to finally solve the
question concerning the structure and, especially, the configura-
tion of the representatives of this novel class of monosaccharides,
it is most desirable to carry out counterflow syntheses of both 5,7-
diamino-3,5,7,9-tetradeoxynonulosonic acids 131 and 136.

IV. Non-carbohydrate substituents in
monosaccharide units
As indicated in the Introduction, the second factor determining
the differentiation of monomeric components in O-antigenic PS
and the diversity of their structures is the presence in PS of so-
called 'non-carbohydrate' substituents. The presence of such
substituents markedly and, sometimes, dramatically alters the
spatial structure of the polysaccharide chain and the general
'topography' of the polysaccharide molecule by exposing on its
surface additional polar and hydrophobic groups which eventu-
ally determine the specificity of its interaction with the protein
(antibody) surface, i.e., its immunologic specificity.

It should be noted that, although the presence of some non-
carbohydrate substituents in polysaccharides of various origin,
e.g., in plant PS, is well known, these are microbial PS and,
particularly, O-antigenic PS of Gram-negative bacteria that
contain an especially great variety of such substituents. These
substituents can modify hydroxy groups of monosaccharides,
amino groups of amino sugars and carboxy groups of acids of
the carbohydrate series.

0-Substituted monosaccharides may include ethers or esters,
the latter being far more widely spread. Also known are mono-
saccharides carrying an acetal group linked to two hydroxy
groups of a monosaccharide unit.

Exclusively JV-acylated derivatives are characteristic for
amino sugars, whereas iV-alkylated monosaccharides are practi-
cally unknown in O-antigenic PS. The carboxy groups of uronic
acids appear to be most frequently substituted to give an amide
group, both unsubstituted amides and more complex derivatives,
including, in particular, an amino acid residue being known.
Finally, residues of phosphoric acid and some of its derivatives
have also been detected in O-antigenic PS as non-carbohydrate
substituents.

Establishment of the structure and localisation of a non-
carbohydrate substituent in a carbohydrate unit of PS presents a
separate and often complicated problem. Since in recent years the
number and diversity of non-carbohydrate substituents detected
in O-antigenic PS is growing fast, the search for the most effective
ways to solve these problems is becoming more and more
important in the chemistry of O-antigenic PS. One of these
consists in selective cleavage of the non-carbohydrate substituent
with subsequent determination of its structure by conventional
methods; however, the problem of its localisation in the poly-
saccharide chain cannot be solved by this approach. Another
approach is confined to isolation of the corresponding substituted
monosaccharide followed by its structural analysis. Regretfully,
both pathways are not always practicable, since attempts to cleave
the non-carbohydrate substituent or to isolate the substituted
monosaccharide often result in irreversible changes or even
complete destruction of the compounds being isolated. For this

reason, the problem of elucidation of the structure is now being
solved using physicochemical methods. This approach permits
determination of the nature and localisation of the non-carbohy-
drate substituent directly by analysis of PS or oligosaccharide
fragments obtained by its specific degradation.

1. 0-Alkyl substituents
Substitution of hydroxy groups in monosaccharide units of
O-antigenic PS with formation of the ether bond occurs rarely.
Only 0-methyl and 1-carboxyethyl ethers are now known.

a. 0-Methyl ethers
Partially methylated monosaccharides are rather widely distrib-
uted in plant PS. Among microbial PS, they are mostly found in
extracellular and capsular PS as well as in PS of photosynthetic
bacteria (see review6); in O-antigenic PS they were detected only
in a few cases. It is believed that methylation of a monosaccharide
hydroxy group takes place during one of the stages of PS
biosynthesis, the SMe group of methionine being the donor of
the methyl group.

3-0-Methyl-L-xylose was found in PS of Pseudomonas malto-
philia NCTC 10257,172 where it occupies the terminal position in
the side chains of the branched PS. This sugar was isolated after
acid hydrolysis of PS and identified by routine methods (compar-
ison with an authentic sample).

3-0-Methyl-L-rhamnose was isolated from O-antigenic PS of
Klebsiella O10173 by acid hydrolysis. This monosaccharide
occupies the terminal position at the non-reducing end of the
polysaccharide chain. To establish its structure, the PS was first
deuteromethylated with CD3I and then hydrolysed. The resulting
monosaccharide was converted into the alditol acetate 139 and
analysed by mass spectrometry. Its mass spectrum contained
peaks corresponding to the fragments with m/z 164,134,178 and
120 which corroborated unambiguously the structure of 3-0-
methylrhamnose.

CH2OAc

164

It is likely that the presence of both methylated monosaccha-
rides at the ends of the polysaccharide chains serves as a signal for
termination of further elongation of this chain during biosyn-
thesis.

3-0-Methyl-D-g/ycero-D-a/fro-heptose and 3-0-methyl-6-
deoxy-D-a/fro-heptose were found in some PS of Campylobacter
jejuni where they partially substitute hydroxy groups.76 Inter-
estingly, the ratio of methylated to non-methylated monosaccha-
rides in PS is determined by the cultivation conditions of these
bacteria, although the actual reason for this phenomenon still
remains to be elucidated. The structure of both methylated
heptoses was established by mass spectrometry of partially
methylated alditol acetates derived from PS after deuteromethyla-
tion, hydrolysis and reduction (see above).

b. 1-Carboxyethyl ethers (glycolactylic acids)
Glycolactylic acids present in O-antigenic PS contain a residue of
lactic acid linked by the ether bond to the sugar molecule.
Compounds of this type were first detected in peptidoglycan of
the bacterial cell wall (muramic acid and its manno-isomer174> 175).
Later, they were also found in O-antigenic and some other
microbial PS (exocellular PS, capsular PS and PS of photosyn-
thetic bacteria). Thus, glycolactylic acids are a rather large group
of acidic monosaccharides.
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The ether bond in these acids is rather stable; therefore, they
can be isolated in the pure state after acid hydrolysis of PS using
ion-exchange chromatography. Representatives of this class differ
from one another by the nature of the parent monosaccharide, the
absolute configuration of the lactic acid residue and its local-
isation. So far, the following representatives of glycolactylic acids
have been isolated from O-antigenic PS of Gram-negative
bacteria: derivatives of D-glucose, L-rhamnose and 2-acetyl-
amino-2-deoxy-D-glucose usually containing a residue of
(R)-lactic acid, although the derivatives of the (S)-isomer are
also known. In addition, PS of other microorganisms contain
derivatives of D-mannose176 and D-glucuronic acid.177

Initially, the structure of glycolactylic acid was established by
classical chemical methods and mass spectrometry. However,
more recent studies employed NMR spectroscopy for this
purpose. An illustrative example of the classical approach is the
establishment of the structure of glucolactylic acid isolated from
PS of Shigella dysenteriae 3.178> I79 The substituted monosaccha-
ride was isolated in the pure state from the acid hydrolysate of PS;
its • H NMR spectrum contained a characteristic signal of a methyl
group C H 3 - C H at 1.4 ppm (d, J = 6.0 Hz). Its treatment with
BCI3 resulted in cleavage of the ether bond to form D-glucose. To
establish the site of attachment of the lactic acid residue to the
glucose residue, the polysaccharide was methylated, reduced with
IJAIH4 and hydrolysed. The resulting mixture of monosaccha-
rides was converted into alditol acetates by reduction with NaBD4
and subsequent acetylation. Chromato-mass spectrometry of the
alditol acetate mixture revealed the tetraacetate 140 whose
fragmentation provided evidence for its structure: a fragment
with m/z 101 showed the presence of a propanediol residue
(formed by reduction of the lactic acid carboxy group), and
fragments with m/z 118, 291 and 162 and 247 indicated the site
of its binding to C(4) of glucose. Based on these data, the original
monosaccharide was ascribed the structure of 4-O-(l'-carboxy-
ethyl)-D-glucose 141.
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The absolute configuration of the lactic acid residue was
established by counterflow synthesis of glucolactylic acid179

using condensation of methyl 2,3,6-tri-O-benzyl-a-D-glycopyra-
noside 142 with (5)-2-chloropropionic acid (obtained from
L-alanine) in the presence of sodium hydride (Scheme 13). Treat-

Scheme 13

HO

Me

CH—O

COOH

142 143

H2OH

ment of the condensation product 143 with diazomethane and
elimination of the benzyl groups gave the methyl glycoside of the
methyl ester of the glucolactylic acid 144 whose physicochemical
characteristics (including the specific optical rotation) were
identical to those of the natural product. Thus, in the natural
compound the residue of lactic acid has the (Reconfiguration, and
this glycolactic acid is 4-O-[(/{)-l'-carboxyethyl]-D-glucose 141.

The glycolactylic acid 141 was also found in PS of an
immunochemically related to Shigella dysenteriae 3 bacterium
Escherichia coli O124 and identified in the same way. Moreover,
the PS structures in both bacteria, S. dysenteriae 7 and E. coli
O124, appeared to be identical. This fact provided the first
experimental proof that bacteria with identical immunochemical
specificity, even those belonging in biological classification to
different species, contain the structurally identical PS.180 Notice
that another glycolactylic acid, 4-0-[(5)-l'-carboethoxyl]-D-glu-
cose, isomeric by the lactic acid residue to the glycolactylic acid
141, was isolated from an extracellular PS of the bacterium
Aerococcus viridans.6

An isomeric glucolactylic acid, 3-0-[(R)-l'-carboxyethyl]-D-
glucose 145, has recently been isolated in the pure state from PS of
Aeromonas haloplanktis1*1 after acid hydrolysis of PS with
trifluoroacetic acid. Its structure was established by NMR
spectroscopy. The 'H NMR spectrum contained signals charac-
teristic of a lactic acid residue: at 1.45 (d, 7.0 Hz, a CH3 group) and
4.41 ppm (q, a CH group) as well as signals characteristic of the
glucose residue. The 13C NMR spectrum also contained signals
characteristic of the lactic acid residue: at 19.6 (CH3 group) and
79.5 ppm (CH group). The signal of C(3) of the glucose residue
was shifted down-field to 83 ppm in comparison with the signal of
unsubstituted glucose, indicating the binding of lactic acid residue
to this atom. This structure was also confirmed by full coincidence
of the NMR spectra for the acid 145 and the glucolactylic acid
isolated from a capsular poylsaccharide of Pseudomonasfragi, for
which the same structure had been established.182 The D-config-
uration of the glucose residue was evident from the regularities in
the glycosylation effects determined from the 13C NMR spectrum
of the original PS; the (^-configuration of the lactic acid residue
was suggested on the basis of the specific optical rotation of the
acid 145.

The structure of other glycolactylic acids was established in a
similar way (using the methods available at the time of the
investigation). Thus, the 3-O-[(/?)-l'-carboxyethyl]-L-rhamnose
146 (rhamnolactylic acid) isolated from Shigella dysenteriae 5,183

after treatment with BCI3 gave L-rhamnose, and the mass
spectrum of the partially methylated alditol 147 derived from PS
revealed the presence of a lactic acid residue bound to C(3) of
rhamnose. The (/^-configuration of the lactic acid residue was
established by counterflow synthesis. More recently, this acid was
isolated from PS of Vibrio fluvialisI84 and its structure was
confirmed by NMR spectroscopy. The ]H NMR spectrum
contained signals at 1.42 and 4.33 ppm (a lactic acid residue) and
a set of characteristic signals of the rhamnose residue. The
conclusion about the (/^-configuration of the lactic acid residue
was made on the basis of comparison of the chromatographic
behaviour and optical rotation of the sample tested with synthetic
samples of the (R)- and (5)-isomers of this rhamnolactylic acid.170

H
144
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A glycolactylic acid derived from glucosamine, 2-acetyl-
amino-3-0-[(5)-l'-carboxyethyl]-2-deoxy-D-glucose 148, was
found in O-antigenic PS of Proteus penneri 62.185 Its structure
was established by spectral data. The !H and 13C NMR spectra of
the polysaccharide contained signals characteristic of the lactic
acid residue [1.31, (d, / = 7 Hz) and 4.05 ppm (q) (]H NMR) and,
correspondingly, 20.3,80.6 and 182.9 ppm (13C NMR)] and of the
glucosamine residue. The 13C NMR spectrum revealed a charac-
teristic down-field shift of the C(3) signal, indicating substitution
of the corresponding hydroxy group. The monosaccharide was
isolated in the pure state after solvolysis of PS with liquid HF. Its
spectrum coincided with that of 2-acetylamino-3-0-[(S)-(l'-car-
boxyethyl)]-2-deoxy-D-glucose but differed from that of the well-
known muramic acid174 with the (.Reconfiguration of the lactic
acid residue. On the basis of these data and using the specific
optical rotation differing markedly from the corresponding value
for muramic acid, the novel glycolactylic acid was ascribed the
(.^-configuration. This compound is known as isomuramic acid.

Me CH2OH

NHAc

148

Recently, PS of another serotype of the same species of
Proteus penneri 35 was found to contain an isomer of isomuramic
acid, 2-acetylamino-4-0-[(S)-l'-carboxyethyl]-2-deoxy-D-glu-
cose, whose structure was established by similar methods.186

Apart from the compounds described above, some other
glycolactylic acids were identified. Thus, a capsular PS of
Klebsiella K37 was found to contain 4-0-[(S)-l'-carboxyethyl]-
D-glucuronic acid,177 whereas an extracellular PS of Mycobacte-
rium lacticolum 121 4-0-[(S)-l'-carboxyethyl]-D-mannose;176

their structures were established by the approaches described
above.187

2. Acetal (carboxyethylidene) groups
Monosaccharides carrying acetal groups with two hydroxy
groups of the monosaccharide simultaneously substituted by a
pyruvic acid residue (carboxyethylidene groups) are rather widely
spread in exocellular and capsular PS. Methods have been
developed for determination of the structure of their derivatives
present in PS. In O-antigenic PS of Gram-negative bacteria,
monosaccharides carrying carboxyethylidene groups have thus
far been detected only in PS of Shigella dysenteriae 918S and
Escherichia coli 0149.'89 NM R spectroscopy in combination with
chemical methods is used to identify this group. Thus, the
lH NMR spectrum of PS of S. dysenteriae 9 contains a signal at
1.60 ppm that is characteristic of the methyl group of the pyruvic
acid residue. This group is not affected by basic treatment of PS
but gradually disappears during treatment of PS with dilute acetic
acid, thus suggesting the binding of the pyruvic acid residue as an
acetal. The nature of the monosaccharide unit carrying this
substituent and the substitution site were established by compar-
ing the results of PS methylation before and after its deacetalation
with acetic acid: in the former case hydrolysis of methylated PS
resulted in 2-0-methylgalactose, while in the latter case, in 2,4,6-
tri-O-methyl-D-galactopyranose. It was thus demonstrated that

the carboxyethylidene group modified the hydroxy groups at C(4)
and C(6) of galactose, and the monomeric unit of PS is 4,6-0-(l'-
carboxyethylidene)-D-galactose 149.

The JH NMR spectrum of E. coli PS also contains a signal at
1.50 ppm, and the 13C NMR spectrum has signals at 25.4 and
101.3 ppm characteristic of the pyruvic acid residue. As in the
previous case, the position of this residue was established by
comparison of the products of methylation of the native and
deacetalised PS which revealed that the carboxyethylidene group
binds to C(4) and C(6) of JV-acetylglucosamine. Therefore, the
substituted monosaccharide has the structure of 2-acetylamino-
4,6-O-(l'-carboxyethylidene)-2-deoxy-D-glucose 150.

CH,

J Q

NHAc
150

Introduction of the carboxyethylidene group into the mono-
saccharide results in the formation of a new chiral centre whose
configuration can be easily established by 13C NMR.190 Depend-
ing on the conformation of the dioxane ring of the 4,6-di-O-
substituted monosaccharide, the methyl and carboxy groups can
have either axial or equatorial orientation that can be readily
determined by the values of the chemical shifts of the correspond-
ing signals. With the known conformation of the dioxane ring
(defined by the structure of the parent monosaccharide), the
relative position of the CH3 and COOH groups determined from
the NMR spectra provides direct evidence for the (R)- or
(^-configuration of the central carbon atom of the acetal
group.190 This approach was used to establish the (^-configura-
tion of the pyruvic acid residue in PS of E. coli O149.

The acetal group, like the lactic acid residue in glycolactylic
acids, is introduced into PS in the course of PS biosynthesis in the
cell by reaction of the corresponding monosaccharide with the
enol form of pyruvic acid catalysed by a specific enzyme. The ester
formed is probably reduced to give the (R)- or (S)-isomer of a
glycolactylic acid, which, in the case of a suitable spatial arrange-
ment of the adjacent hydroxy group, can further be converted into
the corresponding acetal. An alternative pathway, namely, direct
binding of the hydroxy group to the double bond of the inter-
mediate enol (Scheme 14), is also not excluded.

Scheme 14

+ HO

,CH2

COOH X o—c
COOH

OH

/

CH

COOHOH X O COOH



758 NKKochetkov

3. 0-Acyl substituents
Substitution of hydroxy groups in monosaccharide residues of PS
by residues of aliphatic acids is common for plant and microbial
polysaccharides. Usually, 0-acetylation takes place but acylation
with other aliphatic (including higher fatty acids) and hydroxy
acids is also known. Thus, the aliphatic acids C12-C16 and
hydroxycarboxylic acids of this series are indispensable compo-
nents of the lipid part of LPS (the so-called lipid A) where they
acylate glucosamine residues, thereby providing the high lipo-
philic character of LPS needed for its fixation in the outer cellular
membrane of Gram-negative bacteria.1

0-Acetylation of particular hydroxy groups in certain mono-
saccharide units of the O-antigenic polysaccharide chain is
essential for the determination of immunochemical specificity of
PS. To fully characterise this epitope of the O-antigen, it is
necessary to establish the precise localisation of the 0-acetyl
group. The assignment of the 0-acetyl group to a certain
monosaccharide unit in the PS chain is a routine task which can
readily be solved using 'H and 13C NMR spectroscopy.

Evidence for the presence of other 0-acyl groups in
O-antigenic PS is almost absent. The only experimental proof
seems to be the presence of the O-propionyl group in PS of Vibrio
anguillarum.96

The paucity of variation of O-acyl groups seems to be
remarkable, especially in comparison with the great diversity of
aliphatic acids acylating amino groups of monosaccharides in
O-antigenic PS.

4. A'-Acyl substituents
The occurrence of monosaccharides with acylated amino groups
in various natural compounds is a common but not compulsory
phenomenon, whereas polysaccharides almost always contain
residues of amino sugars with acylated amino groups. Most
frequently, PS comprise JV-acetyl derivatives, while derivatives of
other organic acids are far less common. The exception is
O-antigenic PS of Gram-negative bacteria, where the diversity of
acids acylating amino groups is rather high and includes simplest
aliphatic acids, hydroxy and polyhydroxy acids, and amino acids.
Monosaccharides containing two amino groups can be acylated
by the same or by two different acids (this is also true of the amino
groups in different monosaccharide units of PS).

The great diversity of acids acylating amino groups in
O-antigenic PS has become especially apparent recently, mainly
due to the rapid progress in NMR spectroscopy. At present, the
nature of JV-acyl substituents and their position in PS is almost
exclusively established by NMR spectroscopy of the PS them-
selves or of their fragments obtained by their specific degradation.
Mass spectrometry is also used for this purpose.

a. TV-Acylation by aliphatic adds
The most common substituents in O-antigenic PS are N-acetyl
groups. Their identification is a routine task which is most often
solved during interpretation of the NMR spectra of PS (by the
presence of characteristic signals of the NHCOCH3 group). For
example, in the 13C NMR spectrum the signals at 22.0-24.0 (CH3

group) and 174-177 ppm (CO group) correspond to this group.
Localisation of the JV-acetyl group is evident from the

characteristic shift caused by this substituent in the neighbouring
carbon atom and proton: in the I3C NMR spectrum, it is a signal
in the region 45 - 58 ppm; in the 'H NMR spectrum, the signal of a
ring proton in the region 3.8-4.3 ppm These data, after reliable
assignment of the signal, allow both simultaneous identification of
the monosaccharide unit carrying this substituent and localisation
of the substituent in this unit.

Substitution of the amino group by a residue of formic acid
occurs less frequently. A'-Formyl groups were found in PS of
Escherichia coliOH9,120 YersiniaenterocoliticaO9,115Pseudomo-
nas aeruginosa O4128 and related serotypes as well as in PS of
Vibrio anguillarum,101 Brucella •10-191 and Francisella tularensis106

where they are localised in residues of 2,3-diamino-2,3,6-trideoxy-

D-mannose,120 4-amino-4,6-dideoxy-D-mannose,110'115 2-amino-
2-deoxy-D-galacturonic acid "w.>2* and 4-amino-4,6-dideoxy-D-
glucose.106

The presence of an iV-formyl group can be readily established
by the presence in the 13C NMR spectrum of a signal in the
166-169 ppm region.

Since rotation around the CO—NH bond is restricted, and the
NHCHO group may exist in stable cis- or ftww-conformations, a
splitting of the proton signals is characteristic of this group. By
comparing the intensities of these signals, one can draw a
conclusion about the ratio of both conformers.192 Localisation
of the N-formyl group in PS is also evident from the NMR spectral
data. Thus, a characteristic shift of the signal of the C atom
carrying the NHCHO group (45-55 ppm) is observed in the 13C
NMR spectrum.

Sometimes, the presence and localisation of the iV-formyl
group is determined by mass spectroscopic analysis. Thus, the
aminoalditol 151, whose mass spectrum clearly indicated the
presence of an iV-formyl group and its localisation at C(4) of
4,6-dideoxy-4-(AT-formylamino)-D-mannose,110 was isolated from
PS of the bacterium Brucella melitensis after methylation (involv-
ing the NH group of the formamide residue), solvolysis with liquid
HF and subsequent conversion of the degradation products into
acetates of partially methylated alditols.
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The iV-formyl group is fully cleaved by mild acid treatment of
PS to give a PS with free amino groups. At the same time, this
group is stable towards solvolysis with liquid HF and retaind in
fragments formed by degradation of PS that is employed in their
structural analysis.

One of unusual iV-acylating groups thus far found only in
O-antigenic PS is the iV-acetimidoyl (amidino) group,
CH3C(=NH) —. It was first detected in PS of several species of
Pseudomonas,1*3-144-193 and, later, in PS of Vibrio cholerae,165

Salmonella arizonae15*'161 and Legionellapneumophilam where
it acylates the amino groups of aminuronic and aminononulo-
sonic acids to form the corresponding amidines.

The JV-acetimidoyl group has a basic nature and it confers it
on the whole PS. Its presence is readily detectable spectro-
scopically. Thus, the 13C NMR spectrum contains signals at
19.5-21 ppm (CH3 group) and 167-169 ppm ( N = C - N
group), whereas the signal of the carbon atom carrying the
iV-acetimidoyl group has a chemical shift of 45-57 ppm; the 'H
NMR spectrum contains a singlet at 2.2-2.4 ppm.

The amidino group is not cleaved by treatment with liquid
HF; however, upon basic treatment (e.g., with triethylamine) or
reduction with LiAlH4, it is converted into the JV-acetylamino
group or the Af-ethylamino group, respectively (Scheme 15). This
property is often used in structural analyses of PS or their
fragments, since these conversions of the amidino group are
readily controlled by NMR spectroscopy. Thus, transformation
of the amidino group to the TV-acetylamino group is accompanied
by the appearance of a signal near 2 ppm in the 'H NMR

NH

CH3CH2NH—
LiAltt,

CH;,4-NH- NEt3

Scheme 15

CH3CONH-
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spectrum and signals near 23 and 176 ppm in the 13C NMR
spectrum. When the amidino group is reduced to the JV-ethyl-
amino group, the changes are even more apparent: the 'H NMR
spectrum becomes a triplet at 1.35 ppm (J = 7.5 Hz, CH3 group)
and a quadruplet at 3.2- 3.4 ppm (CH2 group), and the 13C NMR
spectrum signals at 11-13 (CH3 group) and 42-45 ppm (CH2

group). In the process, the signal of the corresponding C atom of
the pyranose ring is shifted to 62 ppm, and that of the attached
proton from 3.86 to 3.62 ppm. In the spectra of a specially
synthesised model compound, methyl 3-acetimidoyl-3,6-
dideoxy-a-L-glucopyranose, the changes were essentially the
same.194

As an example of identification and localisation of the
acetimidoyl group, we may refer to the analysis of PS isolated
from Pseudomonas aeruginosa O2.143

The 13C NMR spectrum of this PS contained signals at 19.9
and 167.3 ppm indicating the presence of an acetimidoyl group.
Solvolysis of PS with liquid HF and subsequent reduction of
degradation products with NaBH4 gave a derivative of the
trisaccharide 152 containing an acetimidoyl group. The composi-
tion of the trisaccharide 152 was corroborated by an analysis of
the FAB mass spectrum. The 13C NMR spectrum of the
compound 152 contained signals characteristic of an acetimidoyl
group localised in a residue of 2,3-diamino-2,3-dideoxy-D-mann-
uronic acid. The signals of the ring carbons, C(2) and C(3), at 50.9
and 55.7 ppm showed the presence of two ^-containing substi-
tuents, one of which was an amidino group. Upon reduction of the
trisaccharide 152 with IIAIH4, the amidino substituent was
converted into the A^-ethylamino group, corroborated by the
corresponding changes in the NMR spectra (see above). Thus,
the signal of the ring carbon C(3) was shifted from 57.7 to
61.4 ppm, while after treatment of 152 with triethylamine the
amidino group was converted into the iV-acetylamino group, and
the signal of C(3) shifted to 54.4 ppm. In both cases, the position
of the C(2) signal did not change. These data suggest unambigu-
ously that in the PS studied the amidino group is located at C(3) of
the diaminomannuronic acid residue.

Similar methods were used to reveal the presence of the
iV-acetimidoyl substituent at the amino group of 2-amino-2,6-
dideoxy-D-galactose in PS of S. arizonae O21,151 S. arizonae
O61,167 P. aeruginosa O12 and at the C(5) amino groups of
5,7-diamino-3,5,7,9-tetradeoxy-L-gAycero-L-wianno-nonulosonic
acid in PS of Vibrio cholerae165 and its D-glycero-L-galacto-
isomer in PS of Legionella pneumophila}1^

It is interesting to note that originally the monosaccharide
forming a part of PS of several serotypes of P. aeruginosa and
simultaneously containing an JV-acetimidoyl and an TV-acetyl
group, was erroneously ascribed, on the basis of spectral data,
the structure 153 containing a bicyclic pyrano-imidazoline system
(which is quite admissible because the substituents at the C(2) and
C(3) atoms were in the equatorial-axial position).139-140 This
conclusion was revised141 on the grounds that the FAB-mass
spectra of fragments obtained by degradation of PS lacked
molecular ions corresponding to the imidazoline group but

COOH

OH

contained ions corresponding to the acetimidoyl and acetylamino
groups which were localised by the methods indicated above.

b. JV-Acylation by hydroxy- and polyhydroxy-acids
Apart from amino sugars JV-acylated by unsubstituted aliphatic
acids, O-antigenic PS often contain derivatives of hydroxy and
polyhydroxy acids of the aliphatic series; most commonly, these
are C 2 -C 6 acids having one or two hydroxy groups (3-hydroxy-
propionic, L-glyceric, 3- and 4-hydroxybutyric, 2,4-dihydroxybut-
yric and 3,5-dihydroxyhexanoic acids). The presence of hydroxy
acid residues in the polysaccharide chain confers peculiar charac-
teristics on its peripheral surface by simultaneously exposing both
hydrophobic and hydrophilic regions that markedly increases the
selectivity of its contacts (e.g., with the surface of an immunoglob-
ulin during antigen-antibody interaction).

Establishment of the structure of hydroxy acids acylating
amino groups of monosaccharides and determination of the site
of their attachment to the monosaccharide is usually performed
simultaneously with establishment of the structure of the mono-
saccharide itself (most often, using physicochemical methods).

Thus, PS of Vibrio cholerae 1875 was found to contain
3-hydroxypropionic acid195 which acylates the amino group of
4-amino-4-deoxy-D-rhamnose (perosamine). The JV-acylated
monosaccharide was isolated after solvolysis of the polysaccha-
ride with HF. Its structure, including the presence of a residue of
3-hydroxypropionic acid was established by NMR spectroscopy
and confirmed by mass spectrometry. In particular, the !H NMR
spectrum of its acetate contained signals at 4.58 (NH proton), 4.23
and 1.98 ppm (CH2O and CH2 groups of the hydroxyacyl
residue). The presence and localisation of the 3-hydroxypropio-
nyl residue was corroborated by mass spectrometry of alditol
acetate 154.

L-Glyceric acid was found in PS of Citrobacter freundii O32.
This biopolymer can only conventionally be regarded as a
polysaccharide, because its main chain contains alternating
glycosidic and amidic bonds.196 Glyceric acid acylates the amino
group of 3-amino-3,6-dideoxy-D-fucose whose C(2')-hydroxy
group is linked by the glycosidic bond to the adjacent residue of
the same monosaccharide; as a result, a polymeric chain with
alternating bond types is formed. Hydrolysis of the biopolymer
with trifluoroacetic acid and subsequent reduction and acetyla-
tion of the resulting mixture of fragments gave a derivative of the
corresponding alditol 155 whose mass spectrum revealed the
presence of a monosaccharide iV-acetylated by glyceric acid. The
presence of the glyceric acid residue in the biopolymer was fully
confirmed by characteristic signals in the 13C NMR spectrum: at
173 [C(l)], 80.2 [C(2)] and 62.8 ppm [C(3)]. Glyceric acid was
isolated from the acid hydrolysate of the polymer using paper
electrophoresis; its specific optical rotation ([a]o = —5.5°) proved
the L-configuration.
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(i?)-3-Hydroxybutanoic flJ-hydroxybutyric) acid was detected
in a number of O-antigenic PS: Escherichia coli O10 (where it
acylates the amino group of 4-amino-4-dideoxy-D-fucose),117

Yersinia aldovae191 and Proteus penneri 16 (where it acylates the
amino group of 3-amino-3-deoxy-D-fucose),198 as well as in PS of
several serotypes of Hafnia alvei (where it acylates the amino
group of glucosamine or of 3-amino-3-deoxy-D-fucose),199'200

Pseudomonas aeruginosa O5 and O10, Shigella boydii O7 [where
it acylates the amino group at C(5) or C(7) of 5,7-diamino-3,5,7,9-
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tetradeoxy-L-g/ycero-L-mswjo-nonulosonic acid],162'163 and
Vibrio mimicus 26768 (where it acylates the amino group of
3-amino-3-deoxy-D-quinovose).95

The (S)-isomer of 3-hydroxybutanoic acid occurs less fre-
quently: it was found in PS of P. aeruginosa Ol [where it acylates
the amino group at C(4) of 2,4-diamino-2,4,6-trideoxy-D-glu-
cose].122

Identification of a 3-hydroxybutanoic acid residue and deter-
mination of the site of its attachment to the corresponding
monosaccharide in the polysaccharide chain are usually per-
formed by isolation of the iV-substituted monosaccharide and its
analysis by physicochemical methods. In some cases the PS is
methylated, and an 0-methyl derivative of the corresponding
JV-substituted monosaccharide is isolated and analysed. As a
typical example, we may refer to identification of the residue of
(,R)-3-hydroxybutanoic acid in PS of Escherichia coli O10.117

Solvolysis of PS with liquid HF and subsequent mild acid
hydrolysis gave, among other fragments, an JV-acyl derivative of
4-amino-4-deoxy-D-fucose. This derivative was reduced with
NaBD4 and then acetylated. The mass spectrum of the acetate of
the corresponding alditol 156 revealed unambiguously the pres-
ence and localisation of the residue of 3-hydroxybutanoic acid in
the derivative of 4-amino-4,6-dideoxyhexose. Similar results were
obtained in analysis of an 0-methylated derivative of this alditol
obtained after degradation of the methylated PS. The absolute
(/^-configuration of this residue was established by its oxidation
with specific D-3-hydroxybutyrate dehydrogenase in the presence
of nicotinamide adenosine diphosphate.
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In other cases, e.g., in studies of PS from P. aeruginosa and
S. boydii 7,162 3-hydroxybutanoic acid was isolated in the individ-
ual state and its structure was confirmed by spectroscopic data.
The 'H NMR spectrum of 3-hydroxybutanoic acid contained
signals at 4.25 [H(3'), sextet; J23 = h* = 6 Hz], 2.50 [H(2'),
doublet] and 1.27 ppm [H(4'), doublet, / = 6 Hz]; the 13C NMR
spectrum contained signals at 180.0 [C(l')], 44.8 [C(2')l, 66.2
[C(3')] and 23.5 ppm [C(4')]. These characteristic signals were
also detected in the NMR spectra of PS themselves containing
residues of 3-hydroxybutanoic acid and are therefore employed
for direct spectroscopic identification of this residue. If this acid is
isolated in the pure state, its (/?)- or (S)-character can be readily
established from the specific optical rotation.

Usually, a repeating unit of O-antigenic PS contains not more
than one residue of 3-hydroxybutanoic acid; other amino groups
are acylated by other acids, most commonly, by acetic acid.162

Also, PS are known where the same amino group is partially
substituted by an acetic acid residue and partially by a
3-hydroxybutanoic acid residue, as in PS of E. coli O10 where
60% of the amino groups in the 4-amino-4-deoxy-D-fucose
residue are acylated by acetic acid and 40% by 3-hydroxybuta-
noic acid.117 This makes the polysaccharide chain irregular as
could be evident from the NMR spectrum. The question still
remains open as to whether such substitution has a heterogeneous
character, that is, the same poylsaccharide chain contains both
substituents, or, in contrast, there exist two different polysacchar-
ide chains, each of which is substituted only by the same residue.
Because of the structural similarity of both chains and their rather
high molecular mass, they cannot be separated by the currently
available methods.

4-Hydroxybutanoic (y-hydroxybutyric) acid has thus far been
found only in O-antigenic PS of Alteromonas macleodii 2MM6,
where it acylates the amino group of 3-amino-3-deoxy-D-
fucose.133 Hydrolysis of PS resulted in an JV-acyl derivative of
this monosaccharide. The ]H NMR spectrum of this derivative
contains, in addition to signals of the monosaccharide unit,
characteristic signals of a residue of 4-hydroxybutanoic acid: at
2.37 [H(2'), triplet, J2,3 = 8.0 Hz], 1.85 [H(3'), multiple!,
/3,4 = 7.0Hz] and 3.62 ppm [H(4'), triplet]. The 13C NMR
spectrum contained signals at 33.3 [C(2')], 28.7 [C(3')] and
61.8 ppm [C(4')]. The mass spectrum of the alditol acetate 157
derived from this monosaccharide confirmed the presence of a
4-hydroxybutanoic acid residue and its localisation at the amino
group at C(3) of the monosaccharide.
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(S)-2,4-Dihydroxybutanoic (3-deoxytetronic) acid was found
in O-antigenic PS of Vibrio cholerae Ol where it acylates the
amino group of 4-amino-4,6-dideoxy-D-mannose (peros-
amine).109 This acid was isolated in the pure state after hydrolysis
of PS with dilute trifluoroacetic acid and identified by NMR
spectroscopy. The 13C NMR spectrum of this acid contained
signals at 182.8 (CO group), 71.0 (CHOH group), 37.7 (CH2

group) and 59.8 ppm (CH2OH group). The 'H NMR spectrum
also fits this structure. The structure and localisation of the residue
of (5)-2,4-dihydroxybutanoic acid was established using the mass
spectrum of the acetate of the partially methylated alditol 158
obtained by solvolysis of methylated PS with liquid HF and
subsequent reduction and acetylation of the corresponding
iV-acyl derivative of perosamine.

r*-103

189

CH2OAc

AcOCH i
i OMe

-CO-4-CHCH2CH2OMe
MeO'

j_=3t
260

CHOAc

Me

Me

158

The (^-configuration (L-g/ycero-configuration) of the acid resi-
due was evident from the specific optical rotation ([a]o = — 8°)
and confirmed by the identity of its ester with (R)-octan-2-ol to the
corresponding synthetic sample.

3,5-Dihydroxyhexanoic acid was detected in PS of Vibrio
cholerae O3 where it acylates the amino group at C(4) of 2,4-
diamino-2,4,6-trideoxy-D-glucose (bacillosamine).58 The other
amino group of this monosaccharide is JV-acetylated. The pres-
ence of 3,5-dihydroxyhexanoic acid in PS was corroborated by the
presence in the 'H NMR spectrum of signals characteristic of the
fragment CH3 - C H O H - C H 2 - C H O H - C H 2 C O . The struc-
ture of the acid residue was also confirmed by the 13C NMR
spectrum which contained signals at 45.0 [C(2')], 66.7 [C(3')], 46.1
[C(4')]( 65.3 [C(5')] and 23.7 ppm [C(6')]. The mass spectrum of the
methylated alditol 159 derived from PS by a conventional method
also confirmed the presence and localisation of this acid residue at
the corresponding amino group of bacillosamine. These conclu-
sions are consistent with the results of mass spectrometric analysis
of disaccharide fragments obtained by partial degradation of PS.
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c. /V-Acylation by amino acids
Among amino acids acylating an amino group of an amino sugar,
mainly a-amino acids and some other more complex proline
derivatives are known. Most commonly, PS contain only one
amino acid residue per one repeating unit.

The finding of a-amino acids in PS of microbial origin presents
substantial interest since it demonstrates the relationship between
the two most important classes of carbohydrate-containing
biopolymers: glycoproteins as typical representatives of the
animal world and polysaccharides as classical biopolymers of
microorganisms. Further expansion of our knowledge in this area
may disclose interesting regularities in variations in biosynthetic
pathways in the course of evolution.

An example of N-acylation of the chain of O-antigenic PS by
an amino acid is acylation of the amino group of 4-amino-4,6-
dideoxy-D-glucose (4-amino-4-deoxy-D-quinovose) by glycine,
the amino group of the glycine itself being acetylated. This
derivative was detected in PS of Shigella dysenteriae 7.105 The
residue of iV-acetylglycine was first identified in PS using spectro-
scopic analysis: the 13C NMR spectrum contained a characteristic
signal of C(2) of glycine at 44.1 ppm. Hydrolysis of PS with dilute
HC1 resulted in a derivative of 4-amino-4-dihydroxyquinovose;
conventional analysis of the hydrolysate using an amino acid
analyser revealed glycine. The mass spectrum of the correspond-
ing alditol acetate 160, derived by a routine procedure, indicated
unambiguously the position of the glycine residue.
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PS of Proteus penneri 14 was found to contain residues of D-
and L-alanine. The former acylated the amino group of 3-amino-
3,6-dideoxy-D-glucose (3-amino-3-deoxy-D-quinovose), while the
L-isomer amidated the carboxy group of D-galacturonic acid.94

This was the first example of a PS containing two different amino
acid residues linked by different bonds to different monosaccha-
ride residues. Solvolysis of PS with liquid HF resulted in the
derivative 161 which contained a residue of JV-acetyl-D-alanine
linked to 3-amino-3-deoxyquinovose. The structure of this com-
pound was confirmed by the mass spectrum of the derived alditol
acetate as well as by NMR spectroscopy of the PS itself. The 13C
NMR spectrum contained signals characteristic of D-alanine at
18.4 [C(2')], 51.8 [C(3')] and 178.3 ppm (CO), and the position of
the C(3) signal of the monosaccharide residue (58.4 ppm) proved
unambiguously the presence of an acylamino group at this atom.
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A residue of iV-acetyl-L-serine was found in PS of Escherichia
coli O11492-98 where it acylated the amino group of 3-amino-3-
deoxyquinovose. The corresponding TV-acylated monosaccharide
was obtained after solvolysis of PS with liquid HF, from which
L-serine was isolated after acid hydrolysis and identified by
conventional amino acid analysis. Its L-configuration was estab-
lished by GLC using an optically active stationary phase.

A routine procedure was used to convert the monosaccharide
derivative into the alditol acetate 162 whose mass spectrum
revealed fragmentation indicating the presence of a serine residue
and its localisation in the monosaccharide (secondary fragments
were especially characteristic). The structure of this monosaccha-
ride was also confirmed by 13C NMR spectral data.
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Several O-antigenic PS were found to contain structurally
more complex JV-acyl substituents related to 5-oxoproline deriv-
atives of the type 163. They can be regarded as lactams of
substituted glutamic acids. Elucidation of their structure required
a great deal of effort and was performed with the help of mass
spectrometric analysis and NMR spectroscopy. The first substit-
uent of the oxoproline type was detected in PS of Pseudomonas
fluorescens201 where it acylates the amino group of 3-amino-3-
deoxyquinovose. The derivative of the AT-acylated amino sugar
was isolated from the acid hydrolysate of PS and was neutral. Its
IR spectrum contained bands at 1660 and 1730 cm"1 which
demonstrated the presence of amide and lactam groups in this
compound. The molecular weight of the JV-acyl substituent, as
determined from the FAB mass spectrum, was 156 Da corre-
sponding to the compound of the type 163 containing two methyl
groups and one hydroxy group.

R2 R3

R1—I 1—R4

H

163

Ir-COOH
R5

The 13C NMR spectrum of this derivative contained signals
confirming the presence of two methyl groups (18.9 and
23.5 ppm), one methylene group (45.8 ppm), two tertiary carbon
atoms (71.6 and 78.2 ppm) and two carbonyl groups (175.7 and
179.7 ppm). The ]H NMR spectrum revealed signals of two
isolated methyl groups (1.37 and 1.49 ppm) and a methylene
group with nonequivalent protons localised near the carbonyl
group [2.45 and 2.65 ppm (AB-system, TAB = 15 Hz)] as well as
two NH groups (7.26 and 7.57 ppm), one of which was linked to
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the carbon atom carrying no protons. NOE measurements
indicated the ftww-orientation of the methyl groups. The whole
body of experimental evidence suggested that the acylating amino
acid can be assigned the structure of 3-hydroxy-2,3-methyl-5-
oxoproline 163 (R1 = R2 = H, R3 = R5 = CH3, R4 = OH).

A structurally related substituent (also a derivative of
5-oxoproline) was identified in PS of Vibrio cholerae O5,124

where it acylates the amino group of 3-amino-3-deoxyfucose.
The structure of this amino acid was established exclusively on the
basis of the NMR spectra of the PS itself. The 13C NMR spectrum
of the polysaccharide (and of the disaccharide fragment derived)
contained signals of the methyl (23.4 ppm), methine (69.6 ppm),
methylene (45.4 ppm) and CO groups (180.2 ppm). This cor-
responded to the following signals in the 'H NMR spectrum:
1.37 (methyl), 2.38 and 2.64 (methylene, / H J H = 17.4 Hz) and
4.19 ppm (methine) as well as a singlet at 8.62 ppm (NH group).
These data which were fully confirmed by several correlations and
NOE measurements suggested that the amino acid has the
structure of 3-hydroxy-3-methyl-5-oxoproline 163 (R1 = R2 =
R5 = H, R3 = CH3, R4 = OH).

This structure of the JV-acyl substituent was fully confirmed by
FAB mass spectrometry of some oligosaccharide fragments
obtained by PS degradation. The configuration of the substituent
was established by NOE measurements: a strong interaction
between the NH proton and H(6) in the monosaccharide residue
showed the (^-configuration of C(2') of the proline ring, and an
interaction between the CH3 group of the amino acid and H(4) of
the adjacent monosaccharide (2,4-diamino-2,4-dideoxyquino-
vose), indicated the (^-configuration of C(3') of the proline ring.

The third representative of AT-acyl substituents of this type,
2,4-dihydroxy-3,3,4-trimethyl-5-oxoproline, was detected in PS of
Vibrio anguillarum,107 where it acylates the amino group of
4-amino-4-deoxyquinovose (viosamine). Selective cleavage of PS
by solvolysis with liquid HF and by two successive Smith
degradations gave several oligosaccharide fragments. Their 'H
and 13C spectra contained signals corresponding to a substituted
5-oxoproline residue which was attached to the amino group of
4-amino-4-deoxyquinovose as shown by the position of the signal
for C(4) of this monosaccharide (57.4 ppm).

A special study was undertaken to establish the structure of
this complex N-acy\ substituent.202 A derivative of this amino acid
was isolated from a complex mixture of fragments obtained by
solvolysis of PS with liquid HF and subsequent acid hydrolysis.
This derivative displayed an IR spectrum with a band at
1792 cm~' and gave a positive reaction with ninhydrin corre-
sponding to the structure of a lactone carrying a free amino group.
This compound was assigned the structure 164. Its 13C NMR
spectrum revealed the presence of eight carbon atoms, two of
which belonged to carbonyl groups (171.5 and 172.0 ppm), three
other, to methyl groups (15.2,18.0 and 19.7 ppm) and three more
carbon atoms were localised in the ring. Analysis of the 'H NMR
spectrum (signals at 1.62, 1.68 and 1.69 ppm) confirmed the
presence of three methyl groups. Esterification and subsequent
AT-acylation of the lactone 164 gave a methyl ester whose 'H NMR
spectrum contained signals of NH proton (6.14 ppm), OH proton
(3.97 ppm) and a methyl group of the ester (3.82 ppm) as well as
signals of three methyl groups (1.18, 1.59 and 1.75 ppm). Thus,
the lactone 164 appeared to be a butyrolactone containing one
amino, one hydroxy, one carboxy and three methyl groups.

Me Me

164

Mild basic treatment of the butyrolactone 164 resulted in its
conversion into a lactam, which, on the basis of the NMR and
mass spectra of its 0-methyl derivative, was assigned the structure

165 correlating with the structure of the lactone 164. Thus, the N-
acyl substituent present in the PS chain is 2,4-dihydroxy-3,3,4-
trimethyl-5-oxoproline 163 (R2 = R3 = R4 = CH3; R1 =
R5 = OH) (2,4-dihydroxy-3,3,4-trimethylpyroglutamic acid).202

The stereochemistry of this compound still remains unknown.

OH

5. TV-Substituents of hexuronic add amides
As mentioned above, uronic acids occur occasionally in the
polysaccharide chain as amides. Only one example of a glyc-
uronic acid amide is known that is formed by an amino alcohol,
2-amino-l,3-dihydroxypropane. This compound was found in PS
of Shigella boydii 8 203 and Vibrio cholerae.158 The amino alcohol
was isolated by paper electrophoresis after strong acid hydrolysis
of the PS and identified mass spectrometrically as the JV-acetate.
Its structure was confirmed by counterflow synthesis.

To determine the position of the iV-substituent, the PS was
subjected to solvolysis with liquid HF resulting in isolation of a
small amount of an iV-substituted amide of galacturonic acid. Its
structure was established by mass spectrometry of the correspond-
ing alditol acetate 166 derived by a routine procedure. A peak of
the molecular ion with m/z 563 confirmed its molecular weight,
and a fragment with m/z 490 the presence of a CH2OH group.
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a-Amino acids linked by the amide bond to hexuronic acids
(JV-glycuronoyl amino acids) are more widespread. They were
found in bacteria of the genus Proteus.204

So far, the bacteria Proteus have been shown to contain
L-alanine (PS of P. mirabilis Oil and P. penneri 14), L-serine (PS
of P. mirabilis O28), L-threonine (PS of P. penneri O12)205 and
L-lysine (PS of P. mirabilis O28 and P. mirabilis 1959) acylated by
D-galacturonic acid, L-lysine being acylated at the oc-amino group.
In the PS of P. mirabilis Oil, an L-lysine residue is acylated by
D-glucuronic acid.

The presence of a uronic acid amide is revealed by the primary
analysis of the I3C NMR spectrum which showed a characteristic
signal at 170-172 ppm corresponding to C(6) of uronic acid and
signals of an amino acid residue. The presence of an amino acid is
confirmed by its isolation using strong acid hydrolysis of PS and
conventional analysis on an amino acid analyser. Its configuration
was routinely established by the specific optical rotation or by
esterification with (R)- or (5)-butan-2-ol.

To obtain final evidence for the amide structure, it was
isolated in the pure state or within a short oligosaccharide after
solvolysis with liquid HF and subjected to mass spectrometric and
NMR analyses. Thus, the glycuronamide 167 whose 'H NMR
spectrum contained characteristic signals of galacturonic acid and
lysine residues was isolated by ion-exchange chromatography
from the PS of P. mirabilis 1959.206 Notably, the signal of the
C(2) proton of lysine appeared to be shifted compared to that of
unsubstituted lysine (from 3.20 to 4.35 ppm) suggesting the
acylation of the a-amino group of the amino acid.
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A similar approach was used to solve a more complex
problem, namely, to determine the structure of two different
amino acids and the site of their attachment to the corresponding
monosaccharide units of the chain. Thus, after solvolysis with
liquid HF, the trisaccharide 168 was isolated from the PS of
P. mirabilis Oil207 containing L-alanine and L-lysine residues
attached to residues of D-galacturonic and D-glucuronic acids;
reduction with NaBFU and subsequent methylation of this
trisaccharide gave the oligosaccharide 169. The presence in its
FAB mass spectrum of fragments with m/z 431, 579, 734 and 276
demonstrated unambiguously that the residue of glucuronic acid
at the non-reducing end of the oligosaccharide 169 was amidated
by the lysine residue, and the penultimate unit of galacturonic acid
by the alanine residue.
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Similarly, localisation of L-lysine and L-serine residues in the
PS of P. mirabilis O28 was established.208 After mild acid
hydrolysis of the PS two disaccharides, one of which contained
lysine and the other a serine residue, were isolated from a complex
mixture. The acetates of the glycosyl alditols 170 and 171 derived
by reduction and methylation were analysed by mass spectrome-
try. Fragmentation of both compounds clearly demonstrated that
the lysine residue was attached to the galacturonic acid bound to
the galactose residue and the alanine residue to the galacturonic
acid adjacent to the iV-acetylglucosamine residue in the polysac-
charide chain.
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Amino acid residues in PS localised in side chains often
represent immunodominant groups, i.e., they define the immuno-
logical specificity of the biopolymer. If the same PS contains
residues of two different amino acids, an interesting question may
arise: which particular amino acid residue plays the role of the
determinant? To answer this question is essential from the view-
point of creating diagnostic tools based on synthetic antigens. To
this end, a synthesis of galacturonic acid amides with different
amino acids was undertaken with their subsequent conversion to
synthetic antigens by immobilisation on a polyacrylamide matrix
using copolymerisation.209-210 The synthesis of these amides was
carried out in accordance with Scheme 16.211

Scheme 16
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A uronic acid was first converted into the glycoside of
2-azidoethanol the residue of which was further converted into a
synthetic antigen. 2'-Azidoethyl-2,3,4-tri-O-acetyl-a-galacto-
pyranosiduronate 172 was condensed with the ferf-butyl ester of
the amino acid (in which the functional groups were protected)
173 [R = Me, R = (CH2)4NHCOOBut, R = CH2OBu4, R =
CH(Me)OBul] in the presence of ethyl 2-ethoxy-l,2-dihydroxy-
quinoline-1-carboxylate. Deprotection of the condensation prod-
ucts 174 gave the corresponding derivatives of galacturonoyl-D-
and -L-alanines, -L-serine, -L-threonine, -D- and -L-lysine 175
(R' = N3).
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The azides 175 (R' = N3) were hydrogenated to give the
amines 175 (R' = NH2) which were further JV-acylated by
acryloyl chloride. The resulting derivatives of the acrylic acid 175
(R' = NHCOCH = CH2) were copolymerised with acrylamide
(R is a residue of a galacturonoyl amino acid) to give the synthetic
antigens 176.21'
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Comparison of the immunological specificity of the artificial
antigens thus obtained with that of natural LPS isolated from
bacteria allowed identification of the immunodominant group.212

Thus, in the PS of P. penneri 12 this group is the L-threonine
residue, since of all synthetic antigens studied, only the antigen
containing this particular amino acid appeared to be active.

6. Phosphate groups
A unique position among substituents affecting the general
characteristics of the polysaccharide chain is held by groups
containing residues of inorganic acids, such as sulfate and
phosphate groups. These groups create fragments with localised
charges along the whole length of the biopolymer chain which
influence not only the general properties of the polymeric chain
but also its determinant sites. There is still no compelling evidence
for the presence of sulfate groups in O-antigenic PS, although
these groups are widely distributed in other PS, especially in PS of
marine organisms, such as algae; evidently this is related to the
peculiarities of the mineral composition of their environment.

Phosphate groups were detected in many natural PS, includ-
ing O-antigenic PS; the number of known phosphorylated
O-antigenic PS is rapidly increasing. A distinction needs to be
drawn between the two modes of incorporation of phosphorus-
containing groups into PS. They can be present as substituents
attached to one of the hydroxy groups of monosaccharide units in
the polysaccharide chain or incorporated into the main skeleton of
the polysaccharide linking together, in place of the glycosidic
bond, monosaccharide or oligosaccharide fragments of the main
chain of the biopolymer. The latter case may be considered as a
new type of biopolymers which is not actually a polysaccharide,
because its main chain consists of both glycosidic and phospho-
diester bonds. Thus, this biopolymer occupies an intermediate
position between PS and teichoic acids.

Biopolymers of this type, as well as lipid A, where the
phosphate groups are present as components of a disaccharide,1

are not discussed in the present review.
The presence of 0-phosphate substituents in the chains of

O-antigenic PS is rather well known. Usually they form phospho-
diester groups esterifying a monosaccharide unit and a residue of
an alcohol or an amino alcohol.

The presence of the phosphodiester group in PS was con-
firmed (apart from analysis of PS for phosphorus) by 31P NMR
spectroscopic data. The nature of the second non-carbohydrate
substituent in the phosphodiester group can also be found from
NMR spectroscopic data and is finally established during local-
isation of the phosphodiester group in the PS chain using various
approaches as required by the particular experimental goal.

A polysaccharide of the bacterium Citrobacter O16213 was
found to contain a glycerol phosphate group substituting a
hydroxy group of an JV-acetylgalactosamine residue. This poly-
saccharide contained 3% of phosphorus, and its 31P NMR
spectrum revealed a signal of a phosphodiester group at
0.48 ppm. The presence of glycerol was established by GLC of
the acid hydrolysate of the PS. To localise the glycerophosphate
group, the PS was subjected to Smith degradation followed by
mild acid hydrolysis to afford the oligosaccharide 177 containing
the phosphate group.
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The FAB mass spectrum of the oligosaccharide 177 contained
a characteristic fragment with m/z 328 which indicated the
presence of a phosphodiester group at the JV-acetylgalactosamine
residue. This finding was also confirmed by the presence of a
fragment with m/z 141 corresponding to the residue of the
phosphodiester group modified by oxidation with HIO4 (the
glycerol residue was converted into the ethyleneglycol residue).
The presence of fragments with m/z 490 and 693 demonstrated
localisation of the phosphorylated monosaccharide at the reduc-
ing end of the oligosaccharide 177; this determined its position in
the PS chain established by the structural analysis of PS. These
data were corroborated by 13C NMR spectroscopic data which
suggested also that the glycerol phosphate group substitutes the
hydroxy group at C(3) of galactosamine since the signal of C(3) is
shifted down-field in comparison with the signal of the unsub-
stituted monosaccharide (72.4 -» 76.4 ppm).

The glycerol phosphate group was also found in the PS of
E. coli O100. This PS has previously been studied by classical
methods.214 Substitution of one of the hydroxy groups of the
monosaccharide chain was demonstrated by cleavage of glycerol
phosphate by alkaline hydrolysis of the PS without cleavage of the
polymeric chain of PS. The binding of the substituent to one of the
hydroxy groups of the rhamnose residue was evident from the
stability of the residue of this monosaccharide in the native PS
towards periodate oxidation, whereas in the dephosphorylated PS
it was destroyed.

In some PS the phosphodiester group contained an ethanol-
amine residue, as in the PS of Proteus mirabilis O27.207 The
31P NMR spectrum of the polysaccharide containing 2.5%
phosphorus includes a signal at 1.33 ppm which indicates the
presence of a phosphodiester group. Ethanolamine was identified
after acid hydrolysis of PS by routine methods; its presence was
confirmed by the presence in the 13C NMR spectrum of signals at
63.2 (CH2OH) and 41.5 ppm (CH2NH2). Both signals, as well as
the signals of C(5) and C(6) of iV-acetylglucosamine present in the
PS, were split due to coupling to the neighbouring phosphorus
atom, thus suggesting that the phosphodiester group is linked to
C(6) of iV-acetylglucosamine. Elimination of the ethanolamine
residue upon dephosphorylation of the PS confirmed its attach-
ment to the phosphate group. The phosphodiester group
appeared to substitute in the PS only 80% of the monosaccharide
residues as determined by analysis of the 13C NMR spectrum: it
contained two sets of signals for C(4), C(5) and C(6) of glucosa-
mine, of which 80% belonged to the phosphorylated monosac-
charide and 20% to the unsubstituted one.

A 2-aminoethyl phosphate group was found in the PS of
P. penneri 8 where its localisation at C(6) of JV-acetylglucosamine
was demonstrated using similar approaches.205

A more complex phosphodiester substituent containing a
residue of JV-(2-hydroxyethyl)-D-alanine was found in PS of
P. mirabilis O3.215 The polysaccharide containing 2.5% of phos-
phorus was dephosphorylated with concentrated aqueous HF.
The resulting amino acid was isolated from the hydrolysate by
chromatography and converted into the methyl ester of the N,O-
diacetate 178 whose mass spectrum contained ions with m/z 200
(M-OCH 3 ) + and m/z 172 (M-CH 3 OOC) + characteristic of
fragmentation of the molecular ion of this kind.
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The presence in the 13C NMR spectrum of the amino acid of
signals at 15.4 (CH3), 48.8 (CH2N), 58.2 (CHN), 56.9 (CH2O) and
172.5 ppm (COOH) correlated with the structure ascribed to this
amino acid. Its binding to the phosphate group was confirmed by
the fact that signals of CH2N and CH2O groups are shifted from
48.3 and 54.7 ppm in the free amino acid to 47.5 and 62.3 ppm in
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the PS and were split due to C - P coupling. The binding of this
complex phosphodiester substituent to the hydroxy group at C(6)
of a galactose unit in the PS chain is evident from the fact that in
the 13C NMR spectrum of the native PS the C(5) signal of this
monosaccharide is split and shifted up-field as compared with the
signal in the dephosphorylated PS (71.8 -> 70.6 ppm), whereas the
C(6) signal is shifted down-field (62.2 -> 66.0 ppm).

Sometimes, the same PS contains two distinct phosphodiester
groups linked to different monosaccharide units. An example is a
PS of P. mirabilis D52 containing residues of 2-aminoethyl
phosphate and ribitol phosphate.216

This PS was investigated using classical methods. Apart from
phosphorus, it contained 14.5% ribitol and 2.6% ethanolamine
which, after strong acid hydrolysis, were isolated and identified by
routine methods. Both residues could also be cleaved by alkaline
hydrolysis without any cleavage of the polysaccharide chain, thus
suggesting their localisation in the side chain but not in the main
skeleton of the biopolymer. Reaction of the amino group of
ethanolamine with 2,4-dinitrofluorobenzene showed that this
group is unsubstituted and that the amino alcohol is phosphory-
lated at the hydroxy group. The ribitol residue was fully oxidised
with HIO4 to give formaldehyde and formic acid, thus providing a
proof for ribitol phosphorylation at one of the primary hydroxy
groups.

Localisation of the phosphodiester substituents in the PS
chain was determined during establishment of the PS structure,
for which purpose the PS was cleaved by acid hydrolysis or several
repeated Smith degradations. The resulting oligosaccharides were
analysed by classical methods. Thus, analysis of one of the
fragments obtained by several repeated Smith degradations of
the PS revealed the 2-aminoethyl phosphate group to be localised
at C(6) of one of the two galactose residues. This is evident from
the structure of the fragment 179 containing the 2-aminoethyl
phosphate substituent at the glycerol residue, which is the end
product of Smith degradation of the galactose unit.

HOCH2CHCH2 -O—P—O—CH2CH2NH2

OH OH
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Localisation of the ribitol phosphate group in the second
galactose unit followed from the fact that in the native PS this unit
is not oxidised with HIO4, whereas in the dephosphorylated PS it
undergoes oxidation. The reason is that dephosphorylation results
in formation of a vicinal glycol group, and, consequently, the
ribitol phosphate group is localised at C(3) of galactose. Since
localisation of these galactose units was determined in the course
of structural analysis of the PS chain, the distribution of both
phosphodiester groups in the chain is also established.

While considering this relatively complex example of struc-
tural analysis of a PS, it should be noted that the use of NMR
spectroscopy offers a rapid, simple and reliable tool to solve
similar problems.

V. Conclusions
In this review data are given on novel, scantily known mono-
saccharides present in O-antigenic polysaccharides of Gram-
negative bacteria, many of which have thus far been detected
only in this particular class of natural compounds. These data
which were mainly obtained at the Laboratory of Carbohydrate
Chemistry, Institute of Organic Chemistry (Russian Academy of
Sciences), demonstrated that the old classical concepts of mono-
saccharides as a small group of structurally related organic
substances are contrary to fact.

Monosaccharides represent a wide class of organic com-
pounds integrated by one common property, namely, the ability
to form cyclic oxygen-containing systems existing in a tautomeric

equilibrium with the corresponding polysubstituted hydroxy
aldehydes or ketones. By appending to these data an ample body
of experimental evidence on numerous monosaccharides found in
antibiotics and some other natural substances, it may be well to
notice that we deal with a large class of compounds whose carbon
skeleton comprises very diverse functional groups and substitu-
ents, the number of individual representatives increasing largely
due to their stereochemical differences determined by the presence
of a large number of chiral centres. It should also be remembered
that the number of novel monosaccharides carrying more than six
carbon atoms (including those with a branched carbon chain) is
rapidly increasing.

Such a dramatic widening of the class of monosaccharides
calls for new methods and techniques for determination of their
structure, conducting stereospecific syntheses and elaboration of
new concepts of the spatial structure of their molecules.

The present review shows how important is the application of
new methods for establishment of the structure and identification
of hitherto unknown monosaccharides and their derivatives. The
prominent role of physicochemical studies, without which further
progress in this complex branch of organic chemistry would be
impossible, becomes especially apparent.

It is quite impossible (and not necessary) to give all the details
of structural analysis in a short review like this. An effort has just
been made to outline the basic route and general logic which are
significantly different in studies of structurally distinct monosac-
charides. The syntheses of some representatives of monosacchar-
ides described above illustrate the peculiarities of the
stereospecific arrangement of rather complex compounds which
may be useful in consideration of pathways of synthesis of other
polychiral systems.

It should again be noted in conclusion that the data cited here
are essential for development of molecular concepts in related
biological sciences: biochemistry, immunochemistry, immunol-
ogy and molecular biology.

A knowledge of the fine structure of monosaccharides making
up the bulk of the important class of microbial polysaccharides,
aside from its fundamental natural-scientific significance, is of
prime importance for solution of applied tasks, firstly, in the
design and synthesis of a new generation of biologically active
compounds, especially of medicinal drugs used in chemotherapy
and reliable diagnostics of infectious diseases.

References

1. Yu A Knirel', N K Kochetkov Biokhimiya 58 166 (1993)
2. Yu A Knirel', N K Kochetkov Biokhimiya 59 1784 (1994)
3. V N Shibaev Adv. Carbohydr. Chem. Biochem. 44 277 (1986)
4. K Jann, O Westphal, in The Antigens Vol. 3 (Ed. M Sela) (New York:

Academic Press, 1975) p. 1
5. S G Wilkinson Surface Carbohydrates of the Prokaryotic Cell

(Ed. I M Sutherland) (London: Academic Press, 1977)
6. B Lindberg Adv. Carbohydr. Chem. Biochem. 48 279 (1990)
7. O Westphal, K. Jann, in Methods in Carbohydrate Chemistry

(Eds R L Whistler, M L Wolfrom) (New York: Academic Press,
1962-1965) p. 325

8. Yu A Knirel, E V Vinogradov, A J Mort Adv. Carbohydr. Chem.
Biochem. XI167 (1989)

9. R L Whistler, M L Wolfrom (Eds) Methods in Carbohydrate
Chemistry (New York: Academic Press, 1962-1965) p. 58,467

10. M Williams Adv. Carbohydr. Chem. Biochem. 319 (1975)
11. P Jannson, L Kenne, H Liedgren, B Lindberg, G Lonngren Chem.

Commun. Univ. Stockholm 8 (1976)
12. B A Dmitriev, Yu A Knirel, N K Kochetkov Carbohydr. fttf.40365

(1975)
13. B A Dmitriev, Yu A Knirel, N K Kochetkov Carbohydr. Res. 44 77

(1975)
14. N K Kochetkov, O S Chizhov Adv. Carbohydr. Chem. 21 39 (1966)
15. N K Kochetkov, O S Chizhov, N V Molodtsovrerra/K>dron245587

(1968)



766 N K Kochetkov

16. L S Golovkina, O S Chizhov, N S Vul'fson Izv. Akad. Nauk SSSR, 56.
Ser. Khim. 1915(1966)

17. L S Golovkina, N S Vul'fson, O S Chizhov Zh. Org. Khim. 14 737 57.
(1968)

18. H Bjorndal, B Lindberg, S Svensson Carbohydr. Res. 5 433 (1967) 58.
19. H Bjorndal, C Hellerquist, B Lindberg, S Svensson Angew. Chem.,

Int. Ed. Engl. 9 610 (1970) 59.
20. G Lonngren, S Svensson Adv. Carbohydr. Chem. Biochem. 29433

(1974)
21. K Bock, H Thorgersen Amu. Rep. N.M.R. Spectrosc. 13 1 (1982) 60.
22. J Dabrowsky, in Two Dimensional NMR Spectroscopy: Application 61.

for Chemists and Biochemists (New York: VCH, 1987) p. 349
23. J Dabrowsky Methods Enzymol. 179 122 (1989) 62.
24. N K Kochetkov, A S Shashkov, G M Lipkind, Yu A Knirel Sov.

Sci. Rev., Sect. B, Part. 2,13 1 (1989) 63.
25. K Bock, C Pedersen Adv. Carbohydr. Chem. Biochem. 41 27 (1983)
26. K Bock, C Pedersen Adv. Carbohydr. Chem. Biochem. 42 193 (1984) 64.
27. G M Lipkind, A S Shashkov, Yu A Knirel, E V Vinogradov, 65.

N K Kochetkov Carbohydr. Res. 175 75 (1988) 66.
28. W Klyne Biochem. J. 47 Xiii (1950) 67.
29. D I Neal, S G Wilkinson Carbohydr. Res. 69 191 (1979)
30. N A Kocharova, Yu A Knirel, A S Shashkov, N E Nifantiev, 68.

N K Kochetkov, L D Varbanetz, N V Moskalenko,
0 S Brovarskaya, V A Muras Carbohydr. Res. 250 278 (1993) 69.

31. Yu A Knirel', A S Shashkov, M A Soldatkina, N A Paramonov, 70.
1 Ya Zakharova Bioorg. Khim. 14 1208 (1988)

32. E V Vinogradov, A S Shashkov, Yu A Knirel, G M Zdorovenko, 71.
L P Solyanik, R I Gvosdyak Carbohydr. Res. 212 295 (1991) 72.

33. V A Khomenko, G A Naberezhnykh, V V Isakov, T F Solov'eva, 73.
Yu S Ovodov, Yu A Knirel', E V Vinogradov Bioorg. Khim. 121641
(1986) 74.

34. S G Wilkinson, L Galbraith, W I Anderton Carbohydr. Res. 112 241
(1983) 75.

35. Yu A Knirel, N A Paramonov, A S Shashkov, N K Kochetkov, 76.
R G Jarullin, S Farber, V I Efremenko Carbohydr. Res. 233 185
(1992) 77.

36. F Oerskov, J Oerskov, B Jann Ada Pathol. Microbiol. Scand. 71 339 78.
(1967)

37. H Kaufman, P Muhlradt, T Reichstein Helv. Chim. Ada 50 2287 79.
(1967)

38. J Hofman, B Lindberg, R Brubaker Carbohydr. Res. 78 212 (1980) 80.
39. R P Gorshkova, E N Kalmykova, V V Isakov, Yu S Ovodov

Eur. J. Biochem. 150 527 (1985) 81.
40. N I Korchagina, R P Gorshkova, Yu S Ovodov Bioorg. Khim. 8

1666 (1982)
41. E N Kalmykova, R P Gorshkova, V V Isakov, Yu S Ovodov Bio- 82.

org. Khim. 14 652(1988)
42. Yu E Tsvetkov, L V Backinowsky, N K Kochetkov Carbohydr. 83.

Res. 193 75 (1989)
43. E Romanowska, A Romanowska, C Lugowski, 84.

E Katzenellenbogen Eur. J. Biochem. 121119 (1981)
44. A Gamian, E Romanowska, A Romanowska, C Lugowski, 85.

J Dabrowsky, K Trauner Eur. J. Biochem. 146 641 (1985)
45. O Westphal, O Luderitz, I Fromme, N Joseph Angew. Chem. 65 555 86.

(1953)
46. O Westphal, O Luderitz Angew. Chem. 72 35 (1960) 87.
47. K Jann, B Jann Handbook ofEndotoxin Vol. 1 (Amsterdam: Elsevier,

1984) p. 138 88.
48. L Kenne, B Lindberg, E Soderholm, D Bundle, D Griffith

Carbohydr. Res. I l l 289 (1983)
49. O Luderitz Biochem. Z. 330 193 (1958) 89.
50. R P Gorshkova, V A Zubkov, V V Isakov, Yu S Ovodov Bioorg. 90.

Khim. 9 1401 (1983) 91.
51. R P Gorshkova, N I Korchagina, Yu S Ovodov Eur. J. Biochem.

131 345 (1983) 92.
52. V V Isakov, R P Gorshkova, S V Tomich, Yu S Ovodov Bioorg.

Khim. 7 559 (1981) 93.
53. V V Isakov, N A Komandrova, R P Gorshkova, Yu S Ovodov

Bioorg. Khim. 9 1565 (19S3)
54. N A Komandrova, R P Gorshkova, V V Isakov, Yu S Ovodov 94.

Bioorg. Khim. 10 232 (1984)
55. R P Gorshkova, V V Isakov, L S Shevchenko, Yu S Ovodov 95.

Bioorg. Khim. 17 252 (1991)
96.

R P Gorshkova, V A Zubkov, V V Isakov, Yu S Ovodov Bioorg.
Khim. 9 1068 (1983)
N A Komandrova, R P Gorshkova, V A Zubkov, Yu S Ovodov
Bioorg. Khim. 15 104 (1989)
T Chawdhury, P E Jansson, B Lindberg, J Lindberg, B Gustafson,
T Holme Carbohydr. Res. 215 303 (1991)
N A Kocharova, Yu A Knirel, E S Stanislavsky, in Abstracts of
Reports of the 6th European Symposium on Carbohydrates, Edinburgh,
1991A51
B Jann, K Prehm, K Jann / . Bacterial. 134 462 (1978)
J Hofman, B Lindberg, T Hofstad, N Skand Carbohydr. Res. 66 67
(1978)
B Lindberg, F Lindh, J Ldngren, A Lindberg, S Svensson
Carbohydr. Res. 97 105 (1981)
G Hellerquist, B Lindberg, S Svensson, T Holme, A Lindberg
Carbohydr. Res. 8 43 (1968)
K Bock, C Pedersen Adv. Carbohydr. Chem. Biochem. 41 56 (1983)
0 Westphal, S Stirm Liebigs Ann. Chem. 620 8 (1959)
J Fourquey Bull. Soc. Chim. Fr. 803 (1959)
G Ekborg, P Garregg, B Gothammer Ada Chem. Scand., Ser. B 29
765(1975)
A B Levinskii, Candidate Thesis in Chemical Sciences, Institute of
Organic Chemistry, Russian Academy of Sciences, Moscow, 1993
B Classon, P Garregg, B Samuelson Can. J. Chem. 59 339 (1981)
I-C Florent, C Monnerat, Q Kuang-Huu Carbohydr. Res. 56 301
(1977)
D Bundle, S Josephson Can. J. Chem. 56 2686 (1978)
Yu A Knirel', N K Kochetkov Biokhimiya 58 182 (1993)
Yu A Knirel', N V Tanatar, M A Soldatkina, A S Shashkov,
1 Ya Zakharova Bioorg. Khim. 14 77 (1988)
A A Ansari, L Kenne, B Lindberg, B Gustafson, T Holme
Carbohydr. Res. 150 213 (1986)
K Dzrewiszek, A Zamoiski Carbohydr. Res. 150 163 (1986)
G O Aspinall, A G McDonald, H Pang Carbohydr. Res. 23113
(1992)
N K Khare, R K Sood, G O Aspinall Can. J. Chem. 72 237 (1994)
A Donadoni, G Fantin, M Fagagnolo, A Medici Tetrahedron 43
3533 (1987)
G O Aspinall, M G McDonald, R S Sood Can. J. Chem. 72 247
(1994)
S Schramek, I Radziewska-Lebrecht, H Mayer Eur. J. Biochem. 148
455 (1985)
V V Kulaeva, M K Kudinova, N P Potapova, L M Rubashova,
M G Brazhnikova, B V Rozynov, A R Bekker Bioorg. Khim. 41087
(1978)
R P Gorshkova, V A Zubkov, V V Isakov, Yu S Ovodov
Carbohydr. Res. 126 308 (1984)
R P Gorshkova, V A Zubkov, V V Isakov, Yu S Ovodov Bioorg.
Khim. 131146(1987)
V A Zubkov, A F Sviridov, R P Gorshkova, A S Shashkov,
Yu S Ovodov Bioorg. Khim. 15 192; 538 (1989)
V A Zubkov, R P Gorshkova, Yu S Ovodov, A F Sviridov,
A S Shashkov Carbohydr. Res. 225 189 (1992)
M Adinolfi, M Corsaro, C DeCastro, L Lanzetta, M Parilli, A Evi-
dente, P Lavermicoca Carbohydr. Res. 267 307 (1995)
M Adinolfi, M Corsaro, C DeCastro, L Lanzetta, A Evidente,
L Mangoni, M Parilli Carbohydr. Res. 274 223 (1995)
N Harada, K Nakanishi Circular Dichroic Spectroscopy-Exiton
Coupling in Organic Chemistry (London: Oxford University Press,
1983)
A Cox, S Wilkinson Carbohydr. Res. 195 295 (1990)
B Jann, K Jann Eur. J. Biochem. 5 173 (1968)
S A Barker, I S Brimacombe, M I How, M Stacey, J M Williams
Nature (London) 303(1961)
B A Dmitriev, V L Lvov, N V Tochtamysheva, A S Shashkov,
N K Kochetkov, B Jann, K Jann Eur. J. Biochem. 134 517 (1983)
E Katzenellenbogen, E Romanowska, A S Shashkov,
N A Kocharova, Yu A Knirel, N K Kochetkov Carbohydr. Res. 259
67(1994)
E V Vinogradov, A S Shashkov, Yu A Knirel, N K. Kochetkov,
Z Sidorczyk, A Swierzko Carbohydr. Res. 219 Cl (1991)
L Kenne, B Lindberg, M Rahman, M Mosihuzzman Carbohydr.
Res. 243 131 (1993)
I Banoub, F Mishon, H I Holder Biochem. Cell. Biol. 65 19 (1987)



Unusual monosaccharides: components of O-antigenic polysaccharides of microorganisms 767

97. I Banoub, D Shaw Carbohydr. Res. 98 93 (1981) 136.
98. V L Lvov, N V Tochtamysheva, A S Shashkov, B A Dmitriev,

K Capek Carbohydr. Res. 112 233 (1983)
99. P-E Jansson, B Lindberg, M Spellman, T Hofstad, N Skaug 137.

Carbohydr. Res. 137 197 (1985) 138.
100. W Kondo, F Nakazawa, T Ito Carbohydr. Res. 83 129 (1980) 139.
101. H Baer, K Capek Can. J. Chem. 47 99 (1969)
102. K Capek, J Steffkova, J Jary Collect. Czech. Chem. Commun. 31

1854(1966) 140.
103. V L Lvov, A S Shashkov, B A Dmitriev, N K Kochetkov

Carbohydr. Res. 126 249 (1984)
104. Yu A Knirel', V M Dashunin, A S Shashkov, B A Dmitriev, 141.

N K Kochetkov, I L Gofman Bioorg. Khim. 13 1002 (1987)
105. Yu A Knirel, V M Dashunin, A S Shashkov, N K Kochetkov, 142.

B A Dmitriev, I L Hofman Carbohydr. Res. 179 51 (1988) 143.
106. E V Vinogradov, A S Shashkov, Yu A Knirel, N K Kochetkov,

N V Tochtamysheva, S F Averin, O V Goncharova,
V S Khlebnikov Carbohydr. Res. 214 289 (1991) 144.

107. H Eguichi, Sh Kaya, Y Araki, N Kojima, Sh Vokata Carbohydr.
Res. 231 159(1992) 145.

108. E Katzenellenbogen, E Romanowska, N A Kocharova,
Yu A Knirel, A S Shashkov, N K Kochetkov Carbohydr. Res. 231 146.
249 (1992)

109. L Kenne, B Lindberg, P Unger, B Gustafson, T Holme 147.
Carbohydr. Res. 100 341 (1982)

110. V L L'vov, V E Malikov, A S Shashkov, E A Dranovskaya, 148.
B A Dmitriev Bioorg. Khim. 11 963 (1985)

111. D Bundle, M Gereken, M Perry Can.J.Chem. 64 255 (1986) 149.
112. M Perry, D Bundle, L MacLean, J Perry, D Griffith Carbohydr. 150.

Res. 156 107 (1986) 151.
113. M Perry, D Bundle Infect. Immunol. 58 1391 (1990)
114. M Perry, L MacLean, D Griffith Biochem. Cell. Biol. 64 21 (1986) 152.
115. M Carrof, D Bundle, M Perry Eur. J. Biochem. 139 195 (1984) 153.
116. L DiFabio, M Perry, D Bundle Biochem. Cell. Biol. 65 968 (1987) 154.
117. L Kenne, B Lindberg, C Lugowski, S Svensson Carbohydr. Res. 155.

151 349 (1986)
118. Yu A Knirel, N A Paramonov, A S Shashkov, N K Kochetkov, 156.

G M Zdorovenko, S N Veremeychenko, I Ya Zakharova
Carbohydr. Res. 243 205 (1993) 157.

119. C I Stevens, P Blumbergs, F Daniher, D Henbach, K Taylor
J. Org. Chem. 31 2822 (1966) 158.

120. A Anderson, J Richards, M Perry Carbohydr. Res. 237 249 (1992)
121. U Zehavi, N Sharon / . Biol. Chem. 248 433 (1973) 159.
122. Yu A Knirel, E V Vinogradov, A S Shashkov, E Wilkinson, 160.

Y Tahara, B A Dmitriev, N K Kochetkov, E S Stanislavsky,
G M Mashilova Eur. J. Biochem. 155 659 (1986) 161.

123. Yu A Knirel', G M Zdorovenko, S N Veremeichenko,
G M Lipkind, A S Shashkov, I Ya Zakharova, N K Kochetkov
Bioorg. Khim. 14 352 (1988) 162.

124. K Hermanson, P-E Janson, T Holme, B Gustafson Carbohydr.
Res. 248 199 (1993) 163.

125. K Hermanson, M B Perry, E Altman, J R Brisson, M M Garcia
Eur. J. Biochem. 212 801 (1993)

126. L Kenne, B Lindberg, K Petersen, E Katzenellenbogen, 164.
E Romanowska Carbohydr. Res. 78 119 (1980)

127. E V Vinogradov, Yu A Knirel, N K Kochetkov, S Schlecht, 165.
H Mayer Carbohydr. Res. 253 101 (1994)

128. Yu A Knirel, E V Vinogradov, A S Shashkov, B A Dmitriev, 166.
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J. 167.
Biochem. 150 541 (1985)

129. Yu A Knirel, N A Kocharova, A S Shashkov, N K Kochetkov,
E V Kholodkova, E S Stanislavsky Eur. J. Biochem. 166 189 (1987) 168.

130. Yu A Knirel, A S Shashkov, B A Dmitriev, N K Kochetkov
Carbohydr. Res. 133 C12 (1984)

131. K Heyns, G Kiessling Carbohydr. Res. 3 340 (1967) 169.
132. Yu A Knirel, E V Vinogradov, A S Shashkov, B A Dmitriev,

N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J. 170.
Biochem. 125 221 (1982)

133. E L Nazarenko, V A Zubkov, A S Shashkov, Yu A Knirel', 171.
R P Gorshkova, E P Ivanova, Yu S Ovodov Bioorg. Khim. 19 740
(1993) 172.

134. T Kontrohr Carbohydr. Res. 58 498 (1977) 173.
135. Yu A Knirel, N A Kocharova, A S Shashkov, B A Dmitriev,

N K Kochetkov Carbohydr. Res. 93 C12 (1981) 174.

B A Dmitriev, N A Kocharova, Yu A Knirel, A S Shashkov,
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J.
Biochem. 125229(1982)
I Roppel, H Mayer, I Weckesser Carbohydr. Res. 40 31 (1975)
H Baer, T Nelson J. Org. Chem. 32 1068 (1967)
Yu A Knirel, E V Vinogradov, A S Shashkov, B A Dmitriev,
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J.
Biochem. 128 81 (1982)
Yu A Knirel, E V Vinogradov, A S Shashkov, B A Dmitriev,
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J.
Biochem. 134 289 (1983)
Yu A Knirel', N A Paramonov, E V Vinogradov, A S Shashkov,
B A Dmitriev, N K Kochetkov Bioorg. Khim. 12 995 (1986)
R D Guthrie, D Murray/. Chem. Soc. 6956 (1965)
Yu A Knirel, N A Paramonov, E V Vinogradov, A S Shashkov,
B A Dmitriev, N K Kochetkov, E V Kholodkova,
E S Stanislavsky Eur. J. Biochem. 167 549 (1987)
Yu A Knirel', N A Paramonov, E V Vinogradov, A S Shashkov,
N K Kochetkov Bioorg. Khim. 12 992 (1986)
Yu A Knirel, E V Vinogradov, N A Kocharova, A S Shashkov,
B A Dmitriev, N K Kochetkov Carbohydr. Res. 122 181 (1983)
I L DiFabio, M Caroff, D Karabian, J Richards, M Perry FEMS
Microbiol. Lett. 97 275 (1992)
A S Shashkov, S Campos-Portuguez, H Kochanowski, A Yokata,
H Mayer Carbohydr. Res. 269 157 (1995)
E V Vinogradov, Yu A Knirel, A S Shashkov, N K Kochetkov
Carbohydr. Res. 170 Cl (1987)
F M Unger Adv. Carbohydr. Chem. Biochem. 38 323 (1981)
R Schauer Adv. Carbohydr. Chem. Biochem. 40 132 (1982)
E V Vinogradov, N A Paramonov, Yu A Knirel, A S Shashkov,
N K Kochetkov Carbohydr. Res. 242 Cl l (1993)
A Gamian, L Kenne / . Bacterial. 175 1508 (1993)
G Kogan, B Jann, K Jann Carbohydr. Res. 238 335 (1993)
G Kogan, B Jann, K Jann FEMS Microbiol. Lett. 91 135 (1992)
G Kogan, A S Shashkov, B Jann, K Jann Carbohydr. Res. 238 261
(1993)
V I Torgov, A S Shashkov, B Jann, K Jann Carbohydr. Res. 272 73
(1995)
A Gamian, E Romanowska, U Dabrowski, J Dabrowski
Biochemistry 30 5032 (1991)
E V Vinogradov, O Hoist, J Thomas-Oates Eur. J. Biochem. 210
491(1992)
E I McGuire, S B Binkley Biochemistry 3 247 (1964)
I Vliegenhardt, L Dorland, J van Halbeek, J Havercamp, in Sialic
Acids (Ed. R Shauer) (Wien: Springer, 1982)
Yu A Knirel, E V Vinogradov, V L Lvov, N A Kocharova,
A S Shashkov, B A Dmitriev, N K Kochetkov Carbohydr. Res.
133 C5 (1984)
Yu A Knirel, E V Vinogradov, A S Shashkov, N K Kochetkov,
V L Lvov, B A Dmitriev Carbohydr. Res. 141 Cl (1985)
Yu A Knirel, N A Kocharova, A S Shashkov, B A Dmitriev,
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J.
Biochem. 163 639 (1987)
V L L'vov, A S Shashkov, B A Dmitriev Bioorg. Khim. 13 223
(1987)
L Kenne, B Lindberg, E Schweda, B Gustafson, T Holme
Carbohydr. Res. 180 285 (1988)
L Svennerholm Biochim. Biophys. Ada 24 604 (1957)
E V Vinogradov, A S Shashkov, Yu A Knirel, N K Kochetkov,
J Dabrowsky, H Grosskurth, E S Stanislavsky, E Kholodkova
Carbohydr. Res. 231 1 (1992)
Yu A Knirel, E V Vinogradov, A S Shashkov, B A Dmitriev,
N K Kochetkov, E S Stanislavsky, G M Mashilova Eur. J.
Biochem. 163 627 (1987)
Yu A Knirel', E V Vinogradov, A S Shashkov, B A Dmitriev,
N K Kochetkov Bioorg. Khim. 12 848 (1986)
E L Nazarenko, A S Shashkov, Yu A Knirel', E P Ivanova,
Yu S Ovodov Bioorg. Khim. 16 1426 (1990)
Yu A Knirel, E T Rietschel, R Marre, U Zahringer Eur. J.
Biochem. 221 239 (1994)
J Brom, K Neel, G Williamson Biochem. J. 163 173 (1977)
H Bjorndal, B Lindberg, W Nimmich Ada Chem. Scand. 24 3414
(1970)
R Stange, L Kent Biochem. J. 71 333 (1959)



768 NKKochetkov

175. O Hoshino, U Zehavi, P Sinay, R Jeanloz / . Biol. Chem. 247 381
(1972)

176. N K Kochetkov, A F Sviridov, Kh Arifkhodzaev, O Chizhov,
A S Shashkov Carbohydr. Res. 71 193 (1979)

177. B Lindberg, B Lindquist, J Longren, W Nimmich Carbohydr. Res.
49411(1976)

178. N K Kochetkov, B A Dmitriev, L V Bakinovskii, V L L'vov Bio-
org. Khim. 11238 (1975)

179. N K Kochetkov, B A Dmitriev, V L L'vov Carbohydr. Res. 54
253 (1977)

180. B A Dmitriev, V L L'vov, N K Kochetkov, B Jann, K Jann
Eur. J. Biochem. 64 491 (1976)

181. R P Gorshkova, E L Nazarenko, V A Zubkov, E P Ivanova,
Yu S Ovodov, A S Shashkov, Yu A Knirel' Bioorg. Khim. 19 327
(1993)

182. L Parolis, H Parolis, G Dutton, P Wing, B Skura Carbohydr. Res.
216495(1991)

183. N K Kochetkov, B A Dmitriev, L V Backinowsky Carbohydr.
Res. 51229 (1976)

184. E L Nazarenko, V A Zubkov, A S Shashkov, Yu A Knirel',
N A Komandrova, R P Gorshkova, Yu S Ovodov Bioorg. Khim.
19 989 (1993)

185. Yu A Knirel, N A Paramonov, E V Vinogradov, A S Shashkov,
N K Kochetkov, Z Sidorczyk, A Swierzko Carbohydr. Res. 235
C19 (1992)

186. Yu A Knirel, N A Paramonov, E V Vinogradov,
N K Kochetkov, Z Sidorczyk, K Zych Carbohydr. Res. 259 Cl
(1994)

187. L Kenne, B Lindberg, B Lindquist, J Lonngren, R Arie, R Brown,
I Stewart Carbohydr. Res. 51 287 (1976)

188. B A Dmitriev, Yu A Knirel', E V Vinogradov, N K Kochetkov,
I L Gorman Bioorg. Khim. 4 40 (1978)

189. A Adeyeye, P-E Jansson, B Lindberg, S Abbas, S Svensson
Carbohydr. Res. 176 231 (1988)

190. P Garegg, P-E Janson, B Lindberg, F Lindh, J Lonngren,
I Kvarnstrom, W Nimmich Carbohydr. Res. 78 127 (1980)

191. M Caroff, D Bundle, M Perry, I Cherwonogrodzky, I Dunkan
Infect. Immtm. 46 384 (1984)

192. L Kenne, P Unger, T Wehler J. Chem. Soc, Perkin Trans. 11183
(1988)

193. Yu A Knirel', E V Vinogradov, N A Paramonov, A S Shashkov,
N K Kochetkov, E S Stanislavskii, G M Mashilova Bioorg. Khim.
12 1263(1986)

194. N A Paramonov, Yu A Knirel', N K Kochetkov Bioorg. Khim. 17
1111(1991)

195. S Kondo, K Ishida, Y Isshiki, Y Haishima, T Iguchi, K Hisatsune
Biochem. J. 292 531(1993)

196. N A Kocharova, Yu A Knirel, A S Shashkov, N K Kochetkov,
E V Kholodkova, E S Stanislavsky Carbohydr. Res. 264123 (1994)

197. V A Zubkov, R P Gorshkova, E L Nazarenko, A S Shashkov,
Yu S Ovodov Bioorg. Khim. 17 831 (1991)

198. E V Vinogradov, Z Sidorczyk, A Swierzko, A Rosalski, E Daeva,
A S Shashkov, Yu A Knirel, N K Kochetkov Eur. J. Biochem. 197
93(1991)

199. A Gamian, R Romanowska, H Offenkuch Eur. J. Biochem. 186
611(1989)

200. E Katrenellenbogen, E Romanowska, U Dabrowska,
J Dabrowsky Eur. J. Biochem. 200 410 (1992)

201. G A Naberezhnykh, V A Khomenko, V V Isakov, Yu N Elkin,
T F Solov'eva, Yu S Ovodov Bioorg. Khim. 13 1428 (1987)

202. H Eguchi, Sh Kaya, Y Araki Carbohydr. Res. 231 147 (1992)
203. V L L'vov, I V Tokhtamysheva, A S Shashkov, B A Dmitriev,

N K Kochetkov Bioorg. Khim. 9 60 (1983)
204. Yu A Knirel, Z Sidorczyk, A Rosalski, I Radziewska-Lebrecht,

W Kaca / . Carbohydr. Chem. 12 379 (1993)
205. Z Sidorczyk, A Swierzko, Yu A Knirel, E V Vinogradov,

A Chernyak, L Kononov, M Cedzynski, A Rozalski, W Kaca,
A S Shashkov, N K Kochetkov Eur. J. Biochem. 230 713 (1995)

206. E V Vinogradov, A S Shashkov, Yu A Knirel', N K Kochetkov,
E V Kholodkova, E S Stanislavskii Bioorg. Khim. 13 660 (1987)

207. E V Vinogradov, D Krajewska-Pietrasik, W Kaca, A S Shashkov,
Yu A Knirel, N K Kochetkov Eur. J. Biochem. 185 645 (1989)

208. E V Vinogradov, Yu A Knirel', N K Kochetkov,
I Radzievska-Lebrekht, V Katsa Bioorg. Khim. 19 1132 (1993)

209. N K Kochetkov, B A Dmitriev, A Ya Chernyak, V I Pokrovskii,
Yu Ya Tendetnik Dokl. Akad. Nauk SSSR 263 1277 (1982)

210. N K Kochetkov, B A Dmitriev, A Ya Chernyak, A B Levinsky
Carbohydr. Res. 110 C16 (1982)

211. A Ya Chernyak, L O Kononov, N K Kochetkov / . Carbohydr.
Chem. 13 383 (1994)

212. Z Sidorczyk, A Swierzko, Yu A Knirel, E V Vinogradov,
A Ya Chernyak, L O Kononov, M Cedzynski, A Rozalski,
N K Kochetkov Eur. J. Biochem. 230 713 (1995)

213. N A Kocharova, J Thomas-Oates, Yu A Knirel, A S Shashkov,
U Dabrowska, N K Kochetkov, E S Stanislavsky,
E V Kholodkova Eur. J. Biochem. 219 653 (1994)

214. B Jann, K Jann, G Schmidt Eur. J. Biochem. 15 29 (1970)
215. E V Vinogradov, W Kaca, A S Shashkov, D Krajewska-Petrasik,

A Rosalski, Yu A Knirel, N K Kochetkov Eur. J. Biochem. 188
645 (1990)

216. J Gmeiner Eur. J. Biochem. 74 171 (1977)



Russian Chemical Reviews 65 (9) 769-783 (1996) 11996 Russian Academy of Sciences and Turpion Ltd

UDC 541.459 + 547.596/597

Natural peroxides. Chemistry and biological activity

G A Tolstikov, A G Tolstikov, O V Tolstikova

Contents

I. Introduction
II. Naturally occurring peroxides and their biological activity

III. Synthesis of artemisinin, its derivatives and structural analogues

769
770
778

Abstract This review is devoted to the chemistry of natural
peroxides and their biologically active analogues. Data are
presented on the natural sources of peroxy compounds and
pathways of their formation. The structure, stereochemistry and
chemical transformations of natural peroxides are considered; the
problems of total synthesis of natural peroxy compounds and
their structural analogues are also discussed. Data for the
biological activity of peroxides are presented. The bibliography
includes 134 references.

I. Introduction
The chemistry of peroxy compounds is a vast field which
encompasses problems of organic synthesis, macromolecular
chemistry, and free-radical processes. These problems have
received much attention in the current literature. Lively discus-
sions concern the involvement of peroxy intermediates in bio-
chemical processes; much attention is given, in particular, to the
role of peroxy compounds as biologically active metabolites in the
synthesis of prostaglandins, thromboxanes, prostacyclins, leuko-
trienes, hepoxylins, and lipoxins as well as of a wide variety of
unsaturated acids with oxygen-containing functions.1"6

Despite the apparently convincing evidence for a relatively
high stability of ascaridol, which can be isolated by steam
distillation of plant material,7-8 further replenishment of the
family of natural peroxides has long been considered problematic
because of their high lability and short metabolic life.

In this regard, the history of isolation of prostaglandin
endoperoxide, one of the key intermediates of prostanoid biosyn-
thesis, commonly known as prostaglandin H2 (PGH2) appears to
be very typical. This labile compound could be isolated only after
isomerase has been blocked with mercury salts by rapid extraction
of the culture medium.6 However, among the wide variety of
natural peroxides stable compounds have been found, which do
not require any special precautions connected with their isolation.
The formation of stable peroxides by photosensitised oxidation of
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terpenes and steroids stimulated the search for the peroxy
compounds synthesised by animal and plant organisms.9'11

Beginning in 1970s, the opinion was repeatedly stated that
peroxy metabolites can be present in marine organisms. Later, this
assumption has often received experimental support. Thus,
extracts of sea sponges were found to contain, in addition to the
expected 6,9-endoperoxides of sterols, relatively stable 1,2-diox-
ane and 1,2-dioxolane derivatives and macrocyclic peroxides.

Studies of chemical transformations of natural peroxides
revealed that the suggestions of their extreme lability are in
many cases unwarranted. For example, some 1,2-dioxane deriva-
tives retain the peroxy group even in the presence of such reagents
as complex aluminium hydrides and OSO4.

Biological assays of peroxides from marine organisms
revealed highly active antibacterial, fungicidal, cytostatic, and
anticarcinogenic agents.

An event, which changed dramatically many current notions
of the natural peroxides, was the discovery by Chinese investiga-
tors 12 of a high antimalarial activity of a sesquiterpene perox-
ylactone artemisinin (qinghaosu) isolated from the wild plant
Artemisia annua L (sweet wormwood). It is of note in this
connection that in traditional Chinese medicine this plant had
long been considered to be a highly effective antimalarial agent.
The communication by Chinese authors n aroused considerable
interest among chemists, pharmacologists, and practitioners. The
studies performed in a number of laboratories have culminated in
the preparation of a drug, which has a number of salient
advantages over all currently known antimalarial agents, includ-
ing the possibility of its application in pregnancy.13 It is note-
worthy that the discovery of therapeutic properties of artemisinin
gave an impetus to the total synthesis of this sesquiterpene and its
analogues. Data on the chemistry of artemisinin and other
terpenoids isolated from A. annua have been reported.12-u

It is not inconceivable that medicinal drugs of peroxide nature
will play a conspicuous role in the therapy of malaria, a disease
which presently affects hundreds of millions of people all over the
world.15 It is not therefore surprising that the interest in elaborat-
ing the methods of synthesis and bioassay of peroxides has
increased considerably during the past decade. Special mention
should be made of the prime importance of the general approaches
to the synthesis of cyclic peroxides.10-n-16

Nowadays, the chemistry of peroxides may be regarded as a
new perspective in research in bioorganic chemistry and medicine.
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n. Naturally occurring peroxides and their
biological activity
The first natural peroxy compound that has been isolated in an
individual state is ascaridol 1, which is present in the so-called
chenopodium essential oil obtained by steam distillation of the
plant Chenopodium ambrosioides L. This plant was cultivated in
the USA and other countries specially for the purpose of obtaining
an oil known as a potent anthelmintic agent. The peak of
chenopodium oil production (up to SO tons per year) was in
1930-1940.17 The ascaridol content in this essential oil amounts
to 60%. The essential oil of the plant Chenopodium hircinum
contains 40% of ascaridol. The essential oils of the yarrow
Achillea micranta M.B. and Ajaniafastigiata contain 26% - 5 1 %
of ascaridol.8

Many plants of the Compositae family produce sesquiterpene
peroxides. For example, the sesquiterpene analogues of ascaridol
6 and 7 were detected in extracts of the plants Rudbeckia laciniata
and Senecio paludatinis}9 while the sesquiterpene peroxydiol
qinghaosu-A 8 was isolated from the plant Artobotrys hexapeta-
lus used in Chinese folk medicine as an antimalarial.20 An opinion
was expressed that qinghaosu is an artefact, since it had been
isolated from the plant that underwent storage.

6i
8 OH

Apart from its potent anthelmintic action, ascaridol 1 is also
active with respect to the central nervous system (CNS). It has
been shown, in particular, that ascaridol displays a pronounced
analgesic activity in the 'acetic convulsions' test and prolongs
threefold the pentabarbital-induced anaesthesia. The ability of
ascaridol at a dose of 100 mg kg~' to reduce body temperature in
experimental animals by 1.5 °C has been reported.

When heated above 150 °C, ascaridol explodes, which
explains the cases of explosive decomposition of the chenopo-
dium oil as a result of careless distillation. Boiling of ascaridole in
a solution of p-cymene is accompanied by the rearrangement of
the peroxy group, eventually resulting in the dioxide 2 being
further hydrated into the glycol 3 (Scheme 1). At the same time,
the peroxy group of ascaridol appeared to be resistant to catalytic
hydrogenolysis. Thus, hydrogenation of ascaridol gives the
dihydro derivative 4.

Scheme 1

Synthesis of ascaridol by photosensitised photooxidation of a-
terpinene 5 occurs practically quantitatively.18

The wild plant A. annua widely distributed throughout the
Asian continent contains, apart from the steam-distilled essential
oil, terpene extractives including 12 compounds of the cadinane
series.

Unquestionably, the most remarkable of these compounds is
lactone 9, artemisinin, isolated and identified by Chinese inves-
tigators.12- 13 The artemisinin content in A. annua does not exceed
0.1 %, reaching a maximum two weeks before the flowering of the
plant.21 A search for other natural sources of artemisinin led to its
discovery in the extract of the wormwood Artemisia apiaceae.21

The sweet wormwood growing in Middle Asian countries and
Kazakhstan contains up to 0.05% artemisinin.22 The artemisinin
content in A. annua cultivated in Central Europe does not exceed
0.001 "A.23 The interest in artemisinin can be inferred from the
communication describing the introduction of the sweet worm-
wood in the USA.24

Artemisinin possesses rather high antimalarial activity; its use
as a medicinal agent is due to its ability to suppress the prolifera-
tion of the plasmodium clones resistant to many modern anti-
malarial drugs.

It is reported that the antimalarial activity of the qinghaosu
peroxydiol 8 is of the same order of magnitude as that of
artemisinin.25 The assay of all the sesquiterpene peroxylactones
described above revealed their significantly lower antimalarial
activity than that of artemisinin.26

Artemisinin can regulate the plant growth. It has been shown
that at a concentration of 5 x l 0 ~ £ M artemisinin inhibits the
growth of the duckweed Lemna minor. Noteworthy, deoxyarte-
misinin devoid of the peroxy function does not display any
inhibitory activity.27

Artemisinin is a sufficiently stable compound, which not only
permits its isolation in a pure state, but also makes it possible to
obtain a wide range of derivatives retaining the peroxide bridge.

Thermal decomposition of artemisinin results in artemisinin
D 10 and the products of more profound rearrangements of the
molecule 11,12 (Scheme 2).28 Upon treatment with a methanolic
acid, artemisinin is converted into peroxy compounds 13 and 14
and the dioxo ester 15.29

It should be noted that artemisinin, like compounds 13 and 14,
possess high antimalarial activity. Treatment of artemisinin with
K2CO3 in methanol yields products of intramolecular rearrange-
ment 16, 17.30 The preparation of 11-epiartemisinin 18 under
alkaline conditions and a two-step conversion of artemisinin into
isoartemisitene 19 have been described (Scheme 3).31



Natural peroxides. Chemistry and biological activity 771

Scheme 2
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Scheme 3 from artemisinin based on the use of a selenium-containing
= intermediate has been described.34

l.PhSeBr

H f

16 In the studies of the possibility of microbial transformations
of artemisinin in the plant, it has been shown 3S that Aspergillus

Treatment of artemisinin with alkali gives the epoxy ketone flavipes converts one of the components of A. armua, artemisinin B
23, into the dihydro derivative 24, while Beauveria bassiana
transforms the compound 23 into the hydroxy lactones 25 and 26.

epimer 16a and oxo compounds 20,21.32

H f

16a

H f

20

H I

23: R = H,
25: R = OH.

24: R1 = H, R2 = Me;
26: R1 = CH2OH, R2 = H.

UV irradiation of artemisinin B gives the product of profound
skeletal rearrangement, lumiartemisinin B 27.36

The plant Nardostachys chinensis Batalin of the Valerianaceae
family is also extensively used in Oriental medicine. To the active
extractives of this plant one can refer the oxo peroxides nardosi-

The peroxylactone 22, artemisitene, has been found among none 28 and canchone 29.37-38 Nardosinone is a cycloperoxy
the minor components of the extract of A. armua}2-33 Its synthesis
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derivative of the hydroxyketone 30 (canchone A) and is present in
the above plant together with the peroxides 28 and 29.39

Scheme 4

28,29
28: R = H, 29: R = OH.

The isolation of a series of 1,4-peroxy lactones 31-41 of the
guaiane type differing in not only substituents, but also in the
configuration of the peroxide cycle (Tables 1, 2)40"45 has been
described. Some of these compounds (e.g., the peroxy lactones
31-33 and 38-41) manifest weak antimalarial activity.

chanalpinol 44, chanalpinone 45, and isochanalpinone 46 were
isolated from the plant Alpiniajaponica.41-**

31-37 38-41

It should be noted that isoachillofolidiene 41,46 the precursor
of the peroxides 38-41, was isolated from the leaves of the yarrow
Achillea millefolium, while its dihydro derivative 43 was isolated,
along with the esomontanine 41, from the leaves of the yarrow
Artemisia montana (Scheme 4).45

Some sesquiterpenes of the guaiane type contain a peroxide
bridge in a 7-membered cycle. For example, the 6P,10|3-peroxides,

Table 1. Some representatives of lat,4a-peroxylactones of the guaiane type.

i H

44,45

on
R = C (44), O (45).

One of the constituents of this plant is the peroxide alpinolide
47. Its structure sheds more light on the biosynthetic pathways of
the furopelargones A and B 48,49, which are also present in this
plant.

V O H 1 L
" ? C\° C\ °

V s°^o V y°Y°
\

o
47 48

Compound Name of the peroxide
and its source

R» R2 R3 Ref.

31

32

33

34

35

36

37

Apressin,
Achillea depressa

Isoapressin,
Achillea ligustica,
A. depressa

Peroxyachifolide,
A. millefolium

A. millefolium

A. millefolium

A. millefolium

A. millefolium

H

Ac

Ac

X

C O O -

CHj

H3C C O O -

H

OAc

H

OH

OH

OH

OH

H

H

H

H

H

H

H

H3C CH3

C-C

H COO-

40,41

40

42-44

44

44

44

44
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Table 2. Some representatives of l|3,4[5-peroxylactones of the guaiane
type.

Com-
pound

38

39

40

41

Name of the peroxide
and its source

p-Peroxyiso-
achiofolide,
Achillea millefolium

Athunasia

Athunasia

Exomontanine,
Artemisia montana

R1

H COO-
xc=c

H3C CH3

H CH3
C = C

H3C

H3C

COO-

CH3

K
H C O O -

H

R2

H

H

OH

OAc

Ref.

42-44

41

41

45

The Peruvian plant Lialum floribundum contains 7(3,10(3- and
ip,10P-peroxides, compounds 50 and 51.49

50

A group of peroxides structurally related to the sesquiterpene
alcohol nerolidol has been described. Their precursor is davanone
52 isolated from the leaves of the tansy Tanacetum vulgare.50

52

This plant also contains the peroxyketal 53, whose structure
was confirmed by its reduction into the diol 54.

OH HO H
[HI

53 54 \

Peroxyketones of the davanone type 55 and 56 were isolated
from the extracts of the yarrows Artemisia maritima and A.
abrotanum.sl'S2

%

O

55 56

It is to be noted that compounds 53-56 possess a weak anti-
malarial activity.

The dark blotches formed on the apple peel on storage contain
the triene peroxide 57.53

OH

Peroxides of the diterpene type occur less frequently. Endo-
peroxides formed from resin acids are the most common repre-
sentatives of this group. The endoperoxides of palustric 58 and
levopimaric 59 acids were isolated from the needles of the Siberian
fir.54

CO2H CO2H

59

CO2H

60

The peroxide 58 and its enantiomer 60 are the components of
the plant Elodea canadensis.ss

The diterpene analogues of ascaridol differing in the config-
uration of the peroxide cycle (61,62) are present in the wormwood
A. absintium.56 The monocyclic peroxydiol 62 was found in the
plant Helichrysum acutatum.51 The plant Hedichium coronarium
used in Brazilian folk medicine as an antirheumatic agent
contains, along with other terpenoids, coronarin B 63, a peroxide
of the labdane type.58

The bark of the tree Jatropha grossidentata is used by the
Indian population of Paraguay as an antiparasitic means. The
active principle of the bark extract are canioyan 64 and bisepica-
nioyan 65. It has been suggested that both peroxides are formed as
a result of an unusual attack of singlet oxygen at the diketone
yatrogrossidione 66, which has also been isolated from the extract
of this plant.59
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HO

65

The peroxide 67 is of microbial origin; it is produced by
Streptomyces phaeochomogenes.60

QH...9

OH O

67

As already mentioned in the Introduction, prostaglandin
endoperoxides 68 are formed from arachidonic acid under the
action of prostaglandin cyclooxygenase.1"6 The main pathways
of their metabolism are as follows: synthesis of prostaglandins D2,
E2, and F2a by isomerases, synthesis of thromboxanes A2 and B2

by thromboxane synthetase and prostacyclin synthesis by prosta-
cyclin synthetase; they also undergo degradation resulting in the
formation of malonaldehyde and (12.R)-hydroxyheptadeca-
(5Z,8Z,10JE)-trienoic acid.s

CO2H

68, R = OH, OOH

CHO

CH2

CHO
OH

Peroxides isolated from marine organisms constitute a rather
large group. Among them, the peroxides MeCH(OBH)CX)Et 69
produced by the Ascidia, Phallusia mamillata, Ascidia ahodori,
Styela pricata, and Halocynthia roretri have the most simple
structure.61 Of special interest are the 1,2-dioxane derivatives
formed from linear unsaturated acids. For example, chondrillin
70 and xestins A and B 71, 72 were isolated from the sponges
Xestospongia a and Chondriella,63 while peroxy esters 73 - 75 were
isolated from the sponge Plakortis lita.6* The compounds 69-74
possess a cytostatic activity.

H / = = \ O C H 3

70

OCH3

PCH3

R -

72-75

[n - 12 (72), 9 (73), 7 (74)], (CH2),,CH3 (75).

The sponges of the Plakortis genus produce a wide variety of
peroxy acids, five of which [the peroxyplakoric acids Ai, A2, A3
(76-78), Bi and B3 (79,80)] have been isolated and identified.65

HO2C

76: R - CH3,13£,
77:R = CH3,13Z,
78: R - H, 13£.

OCH3

7 6 - 7 8

HO2C

= CH3(79),H(80).
79,80

The configuration of the peroxy acids 78 and 80 has been
confirmed by their hydrogenation into the diastereoisomeric
hydroxy oxo esters 81 and 82, while the stability of the peroxide
cycle is corroborated by the isolation of the compound 83 upon
the reduction of the methyl ester of the acid 78 with

78 —

V 1
- 2 2 ^ H3CO2C
p d / c 6H

C9H19

8 0
C9H11

The diastereoisomeric isoprenoid peroxy acids 84 and 85 were
isolated from the sponges Latrunculata.
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HO2C
84,85

84: R1 = CH3, R
2 • H;

84
H2

Pd/C

85: R1 = H, R2 = CH3.

HO2C

The configuration of the former peroxy acid has been confirmed
by hydrogenation into the dihydroxy acid S6.66

Branched-chain peroxides are produced by some species of
marine sponges and, what is remarkable, at surprisingly high
concentrations. For example, plakortin 87 was isolated from the
reef sponges Plakortis halihondrioides with a 5.7% yield of the dry
weight.67

The transformations of this compound carried out in the course of
structural analysis, testify to a high resistance of the peroxy group
to reducing and oxidising reagents.

O3

CO2H

CH2OH

The sponges Plakortis halihondrioides contain a wide range of
peroxides: 3-epiplakortin 88, its dihydro derivative 89, the
unstable peroxides 90 and 91, as well as the aryl-substituted
peroxy acid 92, its methyl ester, and lactone 93.68

R = (CH2)2CH = CHCH3 (88), C4H9 (89)

J S %^ sCOlH

90

91

92

The sponges of the Plakortis genus contain plakininic acids A
and B 94,95 and plakortolide 96.69-70

CO2H

The Caribbean sponge Chondrosia colletrix produces the
epimeric acids 97 and 98 and their methyl esters, whose content
amounts to 6% of the dry weight.71

97,98

97: R' = CO2H, R2 = H;
98: R1 = H, R2 = CO2H.

It is worth noting that the compounds 95-98 possess
antimicrobial and antifungal activities.

Mono- and bi-cyclic isoprenoid peroxy acids were first
described in 1979. It was reported that the sponges Prianos
dwelling in the Red Sea contain up to 1.5% of the peroxide 99,72

which was also found in the coral reef sponges together with the
peroxy acid 100.73 The sponges of the Latrunculata genus contain
the peroxide 100 and the peroxy acid mugubilin 101.**

CO2H

To confirm the configuration of the peroxy group in the
compound 99, the former was hydrogenated resulting in the
dihydroxy acid 102.
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99
H2

QH
QH

,CO2H
pd/c CY V T ^ ^ < " H

102

Sigmosceptrellin A 103, whose structure was established by
the X-ray analysis, was isolated from the extract of the sponges
Sigmosceptrella laevis.1*

Later, the isolation of sigmoscentrellins B and C104,105 and
a series of transformations confirming their structure was
reported.75

103
H,

CO2H

The compounds 99-101 have a cytostatic activity, whereas
the compounds 102-105 manifest an ichtiostatic action.

The formation of peroxy acids occurs, most probably, with the
participation of enzymes producing singlet oxygen as well as
hydrogenases and isomerases.66

CO2H,
o=o

\ //
O 2 .

\ CO2H

\ //

O - O CO2H\ 7 Y
R

R o-'Q

Among metabolites of marine organisms, compounds of a
cembrane series were found, which possessed high cancerostatic,
antimicrobial, and fungicidal activity.76"83 For example, the
ichthyotoxic coral Lobophytum denticulatum contains the cem-
branoid peroxide denticulatolide 106, whose structure was estab-
lished by X-ray analysis, while the correct conformations were
calculated by using the molecular mechanics method.84 '87 The
denticulatolide displays an antitumour activity.

106

The halogen-containing peroxide rhodophytin 107 has been
isolated from the algae of the Laurencia genus; it isomerises on
storage in solution into the compound 107a.64'88

107a

The terpenoid peroxy ester 108 is produced by the brown algae
Taonia atomaria}1

OH

M

Steroid endoperoxides are distributed in marine organisms
fairly widely. For example, the sponge Tethya aurantia contains
four 6,9-endoperoxides of the type 109;87 16 peroxides, whose
structures resembled those of 109 and 110, have been isolated
from the extracts of the sponges Ascidia nigru, Dendrogyra
cylindrus, Thalysias juniperiana, and Aplysia dactiolomea.*9
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Hi

V
109

R1

R ̂ ..^J^S ,
I

(R1 = H, CH3) C2H5),
(R1 = H, CH3, C2H5),

Hydroperoxides of terpene and steroid structures are pro-
duced by higher plants and marine organisms. For example,
myrcene hydroperoxides 111, 112 have been isolated from the
extracts of the leaves of the wormwood A. annua,90 while the trans-
pinocarveyl hydroperoxide 113, from the leaves of the plants
Anthemis nobilis,91 Chenopodium ambrosioides,92 and Achillea
filipendulina.93

,.O2H

O2H

112 113

The plant Anthemis nobilis contains hydroperoxides, the
derivatives of the esters of prenolic and aliphatic alcohols and
the acids 114-117. 9 1

O2H

114

O2H

^
OR,

H
115

O2H

CO2CH2'

116

SCO2CH2'

117

The medicinal plant Achillea filipendulina was used as a source
of monoterpenes of a new structural type.94 The extraction of the
aerial parts of this plant results in four hydroperoxides of the
achillene series.88 Two of them, 118 and 119, have also been found
in the extract of the wormwood A. lamcea.95

118,119

118: R1 = H, R2 - CH = CH2;
119: R1 = CH = CH2 , R2 =H.

HO,
QHH ,H

120,122

2(120), 1(122).

121,123

2 (121), 1 (123).

The monoterpene hydroperoxide 124 structurally related to
linalool has been isolated from the plant Ferreanthusfruticosus.96

•H

124

The isolation of several hydroperoxides of the guaiane type
has been described. For example, the above-mentioned plant
Anthemis nobilis contains the hydroxyperoxy lactone 125.91

O2H

The plant Cacosmia rugosa produces the hydroperoxides 126
and 127,97 while the peroxy lactone hydroperoxides 130, 131 9 8

could be isolated from the plant Bishophanthus solicers together
with the hydroperoxides 128 and 129.

"OH "iOAc

>OAc

128: R1 = OH, R2 = H;
129: R1 = H, R2 = OH.

O2H

OAc

131

The hydroxyperoxy lactone of the germacrane series 132 has
been isolated from the leaves of the plant Anthemis nobilis,91-99

while its dihydroxy derivative 133 is present in the plant Ferrean-
thus fruticosa.93

The structure of the hydroperoxides 120 and 121 was corrob-
orated by X-ray analysis and by their reduction into the stereo-
isomeric diols 122 and 123.95
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132,133

R - H (132), OH (133).

The tansy Tanacetum vulgare produces the cryspolide 134. It
has been postulated that the latter is formed in the plant from the
peroxypartenolide 135.10°

134

The hydroxyperoxide derivatives of davanone 50 have been
isolated from the extracts of the tansy and some wormwood
species. For example, flowers of the plant Tanacetum vulgare
contain the Z-hydroperoxide 136, while its leaves contain the
.E-isomer 137. ^

O2H

The latter has been isolated from the southernwood Artemisia
abrotanum s2 as well as from the aerial parts of the wormwood
A. maritima51 and A. inculta.101 The peroxyhydroperoxide 138 is
produced by the plant A. abrotanum.52

The hydroperoxide clavukerin C 139 has been isolated from
the coral Clavularia koellikeri,102 and the steroid 140 is present in
the plankton Phallusia mamillata.103

140

Synthesis of artemisinin, its derivatives and
structural analogues
In the discussion of the pathways of synthesis of artemisinin and
its structural analogues, we have deliberately excluded from the
synthetic schemes those stages which have no principal signifi-
cance, by omitting certain experimental details. The main atten-
tion was then focussed on the methods used in the synthesis of the
peroxy fragments of the molecules. They involve the oxidation by
singlet (photoexcited) oxygen, ozonisation, and the use of unique
reagents, such as Et3SiC>3H.

One of the most promising approaches to the synthesis of
artemisinin is based on the use of artemisinic acid 141 as the
starting compound. Its content in Artemisia annua exceeds by one
order of magnitude that of artemisinin, and its isolation is much
easier. The synthesis of (+)-deoxyartcmisinin 143 can be carried
out in only three stages via the hydroxy compound 142.104

a i H I

M i

(a) LiAlH4, NiCh • 6H2O; (6) O2, hv, Methylene Blue;
(c)DowexH+.

An alternative synthesis of the compound 143 has been
described, which requires more steps and includes the formation
of dihydroxyartemisic acid 144 at the first stage by reduction of
the acid 141 with nickel boride.105

H ?

H f

141

144
CO2H

B 1

CH2OH

(a) NaBR,, NiCfc • 6H2O; (b) LiAlH,, Et2O; (c) O3, MeOH,
p-TsOH, xylene; (<*) O2, hv, Methylene Blue, CF3SO2OSiMe3.
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The synthesis of aitemisinin based on sensitised photooxida-
tion of the dihydroxy acid 144 is initiated by the formation of the
hydroperoxide 145 and further proceeds via the dioxetans 146 and
147.106

S f

144

A a-0

"CO2H ^ ^CO2H
145 146

8 I

CO2H

(a) O 2 , hv, Methylene Blue; (b) Dowex H + .

CO2H

It has to be noted that the unstable epoxide 148 formed from
the hydroxyperoxide 145 is converted into the deoxyartemisinin
149.107

145

HO2

CO2H

6 149

(a) m-ClC6H4CO3H, CHCI3; (b)p-TsOH.

An interesting conversion of dihydroxyartemisinic acid 144
into aitemisinin 9 has been described.108 Its key stage is the allylic
oxidation of the acid 144 by the C1O3 - 3,5-dimethylpyrazole
complex into the lactone 150, which after ozonolysis and ketalysa-
tion gives the aldehydo lactone 151. This is followed by the syn-
thesis of the enol ester 152 and the photooxidation sensitised with
Bengal rose. This method can also be used to obtain deoxyarte-
misinin 143 by the reduction of the methoxycarbonyl group in the
compound 152 and photooxidation of the compound 153.

144

9 (or 143)

MeCO

152,153
R = CO2Me (152), CH2OH (153)

Me Me

(a) // V. , CrO3; (6) O 3 , [MesSiOCH^, CF3SO2OSiMe3;V
Me

(c) N a - naphthalene, CH3I; (</) O2 , hv, Bengal Rose, HC1O4.

The synthesis of artemisinin from more simple optically active
precursors are multistep. For example, the use of isopulegol 154
entails its functionalisation to form 8-benzyloxymenthone 155
and the subsequent six-step conversion of the compound 155 into
the oxo acid 156. Photooxidation of the acid 156 in the presence of
Methylene Blue gives the hydroperoxide 157, which further
cyclises into artemisinin.109

6 stages

HO1"

CO2H

157

(a) O2 , hv, Methylene Blue; (b) HCO2H, CH2C12.

The synthesis of artemisinin based on citronellal 158, which is
readily converted into isopulegol 154 and, further, into the ketone
155, entails the annelation according to Robinson. The ketone 159
formed thereby is converted into dihydroartemisinic acid 144,
from which artemisinin is then obtained in three steps. Photoox-
idation of the artemisinin precursor, the compound 160, was
sensitised with Bengal Rose.110

OHC

CO2Me

M.

CO2H
160

(a) O3 , MftS, HS(CH2)2SH, BF3 • OEt2; (6) HC(OMe)3, p-TsOH,
HgCl2; (c) O2 , hv, Bengal Rose, HC1O4.
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The synthesis of artemisinin based on the use of P-pinene is
remarkable in that the specific rotation of the synthetic, optically
active (+)-artemisinin did not practically differ from that of the
natural sample.111 The ZnCfe-controlled interaction of dienophile
161 with isoprene, the scission of the picean bond resulting in the
ketal 162, and hydrogenolysis of the benzoyloxy group in the
compound 163 by nickel boride giving the dihydroartemisinic acid
144, are worth noting.

162

H ?

CO2Me

163

(a) CH2=CH-CMe=CH2> ZnCl2; (6) O* hv, 5,10,15,20-tetraphenyl-
21H,23H-porphyrin, AcfcO, C5H5N, 4-dimethylaminopyridine;
(e) (CH2SH)2, Lil, DMF; (d) (CH2OH)2, p-TsOH; (e) NaBH,,
NiCl2-6H2O; ( / ) Cb, hv, Methylene Blue, CF3CO2H, O2.

An approach based on the use of the optically active
3-methylcyclohexanone 164 is interesting in that the natural
configuration on the C(10) atom in the artemisinin molecule is
created initially.112 The synthesis involves via the formation of the
oxosulfoxide 165, which is converted in several steps into the
aldehyde 166. This is followed by a remarkable transformation of
the formyl group under the action of the organoaluminium
reagent, (Me3Si)3Al - OEt2, with subsequent acetylation, resulting
in the silyl acetate 167. The Ireland rearrangement using lithium
cyclohexylisopropylamide gives the unsaturated silane 168. If the
propionate 169 is employed instead of the acetate 167, the
rearrangement results in the silane 170. Ozonisation of the
compounds 168 and 170 occurs through the formation of the
1,2-dioxetanes 171 and 172, which are further converted in the
presence of CF3CO2H into demethylartemisinin 173 or artemisi-
nin9.

£)•
2 stages

164

OCOCH2R

167: R1

169: R1
H
Me

R 1 ^ XXfcH
168: R1 = H
170: R1 = Me

H I

171: R1

172: R1
H
Me

173: R1 - H
9: R1 = Me

(a) (MesSOsAl • OEt2; (i) QHnlVNLi; (c) O3, MeOH;
(d) CF3CO2H, H2O.

The total synthesis of 13,14-bisnorartemisinin 179 from non-
chiral precursors begins with alkylation of the enamine 174 with
(Z)-l,4-dichlorobutene.113 This is followed by olefination of the
ketone 175 to give silane 176 and ozonolysis of 176 to form the
aldehydo ester 177. This elegant synthesis is completed by
olefination of the compound 177 and ozonolysis of the enolsilane
178.

174 176

Me-iSi^^^J Me3Si

CCbMe
177 178

CO2Me

(a)Z-ClCH2CH = CHCH2Cl,H2O; (b) LiCH(SiMe3)2; (c)O3,Ac2O,
CH2N2; (d)Ph2P(O) = C(OMe)Me; (e) O3, CF3CO2H.
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Singlet oxygen needed for the synthesis of dioxetans can be
obtained from the hydrotrioxide, EtjSiOsH.114 Thus, the syn-
thesis of the model compound 180 exhibiting a high antimalarial
activity is realised according to the following scheme:

O

(a) Et3SiO3H; (ft) CF3SO2SiMe3.

A structural analogue of artemisinin was synthesised on the
basis of 6-methylcyclohex-2-enone 181. The Diels- Alder syn-
thesis of hexa-3,5-dien-l-ol with 6-methylcyclohex-2-enone gives
the hemiketal 182, whose oxidation and subsequent hydrogen-
ation results in the oxo acid 183. This is followed by the conversion
of the acid 183 into the ester 184 and its photooxidation into the
hydroperoxy ester 185 in the presence of Bengal Rose. The
resulting ester 185 is subjected to oxidation in the presence of an
iron-phenanthroline complex, Fe(Phen)3(PF6)3, and copper
triflate, resulting in the hydroperoxide 186 further cyclised in
acid medium into the peroxylactone 187. l ls

O

183
CO2H 184

CO2Me

CO2Me

CO2Me
186

(a) O2, hv, Bengal Rose; (6) O2, Fe(Phen)3(PF6)3,
u; (c)p-TsOH.

The uniqueness of artemisinin as an antimalarial drug116

posed the question as to the synthesis of artemisinin derivatives
more active and convenient in application, of which dihydro esters
and aminoacetals are becoming increasingly important. For
example, the hydrogen succinate 188 in the form of sodium salt

can be used for intravenous administration instead of the poorly
water-soluble artemisinin.1 n

Prolonged activity was found in the glycoside 190.118 The
esters 191 ' l 9 and 192 l20 displayed a high activity against the
plasmodia D-6 and W-2.

H f

OR

188-191

188: R = CO(CH2)2CO2Na;
189: R = P-D-Glu(l-4>P-D-Glu;
190: R = CH2CO2Me;
191: R = CH2C6H4CO2Na.

Among aminoacetals, the compound 192121 stands out as
possessing a remarkably high activity.

More than 70 artemisinin derivatives and analogues of the
type 193 have been described;122-123 12-deoxoartemisinin
(R1 = Me, R2 = R3 = H) is very promising.

R1

R1 = H, Me;
R2, R3 = H, OMe, OCH2Ph.

Extremely valuable artemisinin analogues have been synthes-
ised. For example, the peroxyacetal 194 is not inferior to
artemisinin as regards its activity towards Plasmodiumfalciparum
(the Indo-Chinese clone W-2).114

The ester 195 and the carbamate 196 obtained by photooxida-
tion of the enol ester 197 or by its treatment with EtaSiCbH
displayed, besides a high antiplasmodium activity, also a unique
stability. These crystalline peroxides are now undergoing clinical
trials.124 It should be emphasised that the majority of artemisinin
derivatives and analogues are active against those plasmodium
clones that are resistant to potent antimalarial agents, such as
plasmoquine.

OH
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195: R = COC6H4CO2Me
196: R - CONEt2.

(a) O2, hv, Bengal Rose or Et3SiO3H.

The question of the activity of peroxy compounds against
malarial pathogens is worth special discussion, since the search for
antimalarial agents that can be obtained economically is a very
urgent task. Structurally simple synthetic peroxides, which are
promising as antiplasmodium agents, have been described.125"131

Recent publications deal with the synthesis of stable peroxides
as promising drugs.132"I34 Terpene ozonides are the components
of medicinal drugs endowed with antimicrobial and antiparasitic
activities.133

The data presented herein attest to the fact that peroxy
compounds are widely distributed in natural objects. Contrary
to the earlier, common opinion about the lability of most natural
peroxides, investigators encounter sufficiently stable substances
more and more frequently. The literature data available on the
biological activity of natural peroxides may be regarded as a
pledge of future progress in the design of medicinal drugs and
antipest agents in agroindustrial production. The example of
artemisinin, where the investigations in the area of the chemistry
of natural peroxides have acquired medical orientation, is very
explicit. It is probable that in the near future the list of
antiparasitic agents designed for clinical application will be
supplemented with not only natural derivatives of artemisinin
but also with synthetic peroxy compounds.

Attention should also be paid to such important properties of
natural peroxides as their cytostatic, antitumour, and antimicro-
bial activity as well as the recently detected CNS activity.

Thus, the comprehensive bioassay of both natural and
synthetic peroxy compounds is becoming a current problem.

This review has been prepared with the financial support of
the Russian Fundamental Research Fund (Grant No. 95-03-
08517).
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method for the synthesis of carbo- and hetero-cyclic polyarylenes

A L Rusanov, IA Khotina

Contents

I. Introduction
II. Synthesis of polyarylenes by cross-coupling catalysed by palladium complexes

III. Synthesis of polyarylenes by cross-coupling catalysed by nickel complexes
IV. Synthesis of heterocyclic polyarylenes

785
785
790
792

Abstract. Data on the application of the method of polycondensa-
tion cross-coupling catalysed by Pd and Ni complexes for the
synthesis of carbo- and hetero-cyclic polyarylenes are systema-
tised and generalised. The bibliography includes 126 references.

I. Introduction
Until recently, the chemistry of carbo- and hetero-cyclic polyar-
ylenes has been among the less studied fields of science on high-
molecular compounds.1 Despite the numerous attempts of inves-
tigators to develop new approaches to the synthesis of carbocyc-
lic2"11 and heterocyclic12-13 polyarylenes, the synthesis of high-
molecular polymers having a clearly defined structure seemed to
be highly problematic.

The methods of polyarylene synthesis are classified as direct
and indirect ones. Direct syntheses employ the monomers already
containing the aromatic units, which then become repeating units
of the polymers. Characteristic examples of direct polyarylene
synthesis are the synthesis of poly-/?-phenylene according to
Kovacic 9 or using electrochemical methods.14'15

In the case of indirect syntheses, a prepolymer is first prepared,
which is converted into polyarylene under the action of definite
factors (e.g., thermal treatment). This can be exemplified by the
synthesis of insoluble poly-/>-phenylene starting from a soluble
prepolymer, a derivative of poly(5,6-dihydroxy-cyclohex-2-en-
1,4-ylene); its pyrolysis gives insoluble poly-p-phenylene.8-12 The
transformation of high-molecular, stereoregular poly(5,6-dicar-
boxycyclohex-2-en-l,4-ylene) into poly-p-phenylene in the pres-
ence of H3PO4 at 100-250 °C has been described.16

Unfortunately, both the direct and indirect methods have
serious disadvantages. The conditions required for the direct
polyarylene synthesis are too drastic for the regiospecific reac-
tions. Therefore, in the case of polyphenylene not only 1,2-, 1,3-
and 1,4-disubstituted phenylene fragments of the chain but also
trisubstituted units can be formed. Moreover, the molecular
weight of the polyarylenes obtained by direct methods are usually
low due to the insolubility of polyarylenes.
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The indirect method can be used to obtain polyarylenes with
high molecular weight; however, the units in the polymers thus
formed are not uniform17 due to the incompleteness of the
prepolymer conversions.

The analysis of literature data revealed that the development
of direct methods that would not require drastic conditions for
their realisation is the most promising approach to progress in
polyarylene chemistry. The problem of polymer solubility must be
solved in parallel. The most suitable to this end are polycondensa-
tion reactions based on haloaromatic compounds catalysed by
transition metal complexes.

n. Synthesis of polyarylenes by cross-coupling
catalysed by palladium complexes
1. Synthesis of carbo- and hetero-cyclic polyarylenes by
interaction of arene dihalides with aromatic diboronic acids
or their derivatives
The first application of cross-coupling reactions catalysed by
palladium complexes to the synthesis of polyarylenes was
described by Suzuki18 and Muller.19 These authors demonstrated
that different monobromoaromatic compounds react with benze-
neboronic acid or its cyclic esters to give high (up to 99%) yields of
products.

The same reactions have been described in more recent
works.20"22 The following scheme for this process has been
proposed by Suzuki:23

PdL2Br

(HO)3B

VB(OH)3Br

Later, cross-coupling reactions were used for the synthesis of
polyarylenes. A great advantage of the polycondensation cross-
coupling method is the possibility of introducing various side
groups (aliphatic, aromatic, ester, etc.) into the monomers. On the
one hand, by introducing side groups one may improve the
solubility of the polymers (which is important for their process-
ing) and, to some extent, increase their molecular weight. On the
other hand, the use of these groups may confer specific (liquid
crystalline, conducting, nonlinear optical) properties on the
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polymer. Cross-coupling reactions have been used, in particular,
in the synthesis of alkyl-substituted poly-/»-phenylenes. The
starting monomers were obtained by the treatment of 2,5-di-
alkyl-l,4-dibromobenzenes with 1 equiv. of n-butyllithium fol-
lowed by addition of trimethylborate and acid hydrolysis:24

C6H13

•B(OH)2.

Homopolycondensation of this monomer in the presence of
Pd(Ph3P)4 in benzene and subsequent addition of concentrated
Na2CC>3 solution give a colourless polymer soluble in organic
solvents:24

C«Hi3

[Pd]

-6H13 C6H13

1

The degree of polymerisation (DP) of the polymer 1 reached
30. The analysis of ' H and 13C N M R spectra revealed that this
reaction is highly regiospecific. The yield of the polymer in this
reaction was 100%.

It is noteworthy that in the majority of polycondensation
cross-coupling reactions the yields of the polymers vary from 80%
to 100% depending on the solubility of the synthetic polymer and
its molecular weight.

Clearly, if bulky alkyl groups were not introduced into the
original monomers, no poly-p-phenylenes with D P 30 could be
obtained. However, the introduction of these groups plays not
only a positive role. In some instances, the introduction of bulky
substituents results in conformational changes in the polymer
chain, e.g., in disturbance of the coplanarity of the adjacent phenyl
groups.2 5"2 8 Minor departures from coplanarity have no appreci-
able influence on the electrical and optical characteristics of the
polymers; however, if these deviations exceed a certain level, the
properties of the polymers change drastically.29

Similar approaches were used to obtain polyphenylenes,24 in
which the blocks of unsubstituted p-phenylene fragments of
varying length were connected via phenylene cycles containing
side alkyl groups.30 The synthesis of the original monomers was
carried out in accordance with the following scheme:

Alkn

Alkn

(HO)2B B(OH)2

Alkn

Thus, by combining various diboronic acids with dibromo
compounds one can obtain polymers with the general formula:30

In some cases 0 - 2), the target products with the molecular
weight Mn of 21000 were synthesised, which corresponds to a
degree of polymerisation of 37. In this case, the total number of
phenylene groups may amount to 100. To date, this polymer has
the highest degree of polymerisation among those obtained by Pd-
catalysed polycondensation cross-coupling.

The synthesis of polymers with side alkoxy groups based
on dibromides and diboronic acids has been described.1 A
significant advantage of the polycondensation cross-coupling
method is the high activity of diboronic acids and their
insensitivity with respect to water (e.g., in some of these reac-
tions, an aqueous solution of Na2CC>3 was used). In some
instances, water-soluble palladium complexes, sodium
tris[(trisulfonatophenyl)phosphine]palladium(0) (2) and sodium
(or potassium) tris[(diphenyl-m-sulfonatophenyl)phosphine]
palladium(0) (3), were used as catalysts.31 '32

The synthesis of water-soluble polymers containing sulfona-
toalkoxy groups has been described:33-M

B(OH)2

R (CH2)3SO3Na,

-(CH2)3S

The reactions were carried out in an aqueous medium, to
which D M F and K 2 CO 3 were added. Palladium complexes 2 or 3
were used as catalysts. The molecular weight was not determined,
but, as could be judged from the low bromine content in the
polymer based on sodium of l,4-dibromo-2,5-bis(3-sulfonatopro-
poxy)benzene and benzene- 1,4-diboronic acid (0.5%), it was of
about 15000.

Other water-soluble poly-p-phenylenes 23>32 carrying carboxyl
and carboxymethyl groups have also been described. Thus, the
polymer 4 with a molecular weight of about 10 000 (DP ~ 25) was
synthesised based on 4,4'-dibromo-2,2'-dicarboxybiphenyl and a
cyclic ester of 4,4'-biphenyldiboronic acid. The polycondensation
reaction was carried out in a weakly alkaline solution (H2O—
D M F , 3:1) in the presence of a water-soluble Pd-catalyst.31
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COOH

I.UAIH4
2.BF3

COOH

[Pd]

It is noteworthy that cyclic diboronates are more preferable
than diboronic acids because of their better solubility and ease of
purification.

Also, polycondensation was successfully employed in the
synthesis of prepolymers of ladder systems.35"38 Mullen et
aj 35,38 performed the synthesis of soluble prepolymers based on
dialkyl-substituted benzenediboronic acids and dibromobenzenes
containing keto, aldehydo, and other groups:

COR R'

The ladder polymers 5 have been synthesised from the
prepolymer (Mn = 7800) based on substituted dibromobenzene
carrying acetylene groups and cyclic benzenediboronate
(Scheme I).39

Besides difunctional monomers or monomers of the AB-type,
the Pd-catalysed cross-coupling reactions also involve trifunc-
tional benzene compounds of the ABB type. The latter were used
to obtain the polymeric dendrites (6):40-41

B r + ( H O ) 2 B

COR

B(OH)2

Subsequent intramolecular cyclisation converted them into
ladder structures devoid of non-cyclised fragments.

H25C12O- -C=C

X=Br.

The yield of the product was 80%-95%, Mn = 3820 and
Mw = 5750. It was readily soluble in THF and o-dichlorobenzene.

Scheme 1
OC10H21

oc* • O 0 - O **»
PC,2H25

OC12H25

OC12H25

OC12H25

OC12H25
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Its viscosity (0.031 dl g~' in THF) was very low which is
characteristic of highly branched oligomers. The oligomer 6 had
a Tg = 280 °C and did not melt.

Polycondensation cross-coupling is also used in the synthesis
of naphthalene compounds. Using this route, a soluble poly(l,5-
naphthalene) with a low degree of polymerisation has been
synthesised:42-43

To obtain thermostable polymers, the tert-butyl groups are
removed from the polymer in alkaline media or by thermal
treatment. In this context, the terf-butyl groups have a clear
advantage over linear alkyl substituents.

A great number of investigations in the area of polycondensa-
tion cross-coupling were concerned with the synthesis of polyar-
ylenes and related aromatic polymers containing — O— and
—CO— groups in their main chains. Thus, the interaction of the
4,4'-dibromodiphenyl ether, 4,4'-dibromobenzophenone or 4,4'-
dibromobenzyl with dialkyl-p-phenylenediboronic acid gave the
corresponding alkyl-containing aromatic polyether, polyketone,
and poly-a-diketone.

Alk

R =

o o o

The presence in the side chains of alkyl substituents renders
these polymers soluble in ordinary organic solvents.

The cross-coupling reaction opens up new opportunities for
the synthesis of such polymers as substituted polyimides.44"46

Recently,44 defect-free polyimides 8 based on didodecylphenyldi-
boronic acid and the dibromide 7 containing imide rings have been
synthesised in a heterogenous medium (aqueous solution of
Na2CO3/toluene) in the presence of the Pd° catalyst, Pd(Ph3P)4.

C12H25

+ (OH)2B (1)

C12H25

H25C2

C12H25

The molecular weight of the polymer 8, Mn, equalled 20000,
which corresponded to a DP of 14. Such polymers can be obtained
by conventional polycondensation of dianhydrides and dia-
mines;47 however, in some cases (see, for example, Ref. 46) direct
synthesis of the polymers seems to be problematic.

Other imide-containing dibromides, such as the compounds
cited in Ref. 46 can also be introduced into the reaction (1):

C12H25 O 12H25

C12H25 C12H25

R=H(a), —

NO2 (c),

Here, the radicals R are the residues of dyes which are nonlinear,
optically active chromophores. The dibromides 9b-e enter into
the polycondensation reaction with difficulty due to steric
hindrances. In this case, up to 50% of the dibromide 9a was
introduced into the reaction simultaneously with the dibromides
9b-e. The molecular weights of the copolymers so obtained were
not very high, they amounted to 17000 (50% 9a + 50% 9b
copolymers), whereas the molecular weight of the polymer
obtained from dibromide 9a alone was 41000 (DP = 11 and 26,
respectively).46

2. Synthesis of polyarylenes with participation of aromatic
organometaUic compounds
Considerable attention has been recently given to Pd-catalysed
reactions between aromatic dihalides and bis(trialkylstannyl)
compounds. The chemical stability and ease of purification of
organotin compounds have motivated their wide-scale applica-
tion in organic chemistry.48"51

Pd(0)orPd(ii)
RSnR3 + R'X *• R - R'

R, R' = aryl, alkyl, alkenyl and alkynyl.

This reaction was first described for aromatic tin derivatives
and aromatic halides in Ref. 51. The interaction of bisstannyl
compounds and aromatic dihalides was employed in the synthesis
of polyarylenes. Thus, the interaction of 4,4'-bis(tributylstan-
nyl)diphenyl ether with various aromatic dihalides52'53 [e.g.,
with 4,4'-dibromodiphenyl ether (a), 4,4'-dibromobenzophenone
(b), and 4,4'-dibromodiphenyl sulphone (c)], in the presence of
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2 in dipolar aprotic solvents gives the polymers whose
molecular weights [as can be judged from their residual bromine
content 5.2 (a), 1.69 (b), and 0.9% (c)] are 1500, 4800, and 8000,
respectively. All the synthetic polymers are poorly soluble in
organic solvents; their molecular weights increase with an
increase in the polymer solubility. It has been possible to measure
the inherent viscosity for the latter polymer, which was equal to
0.22 d i g - 1 .

SnBu3 +

R = -O- (a ) , - -(b), -SO 2-(c) .

4,4'-Bis(tributylstannyl)diphenyl ether was also used in the
synthesis of soluble polyarylenes based on 4,4'-dibromobenzo-
phenone.54 Insoluble 4,4'-dibromobenzophenone was converted
into the soluble acetal. The reaction was carried out according to
the following scheme:

CF3SO3H/MeNO2

After polycondensation, the acetal groups can be transformed
into the ketone groups. The molecular weight of the polymer 11
obtained from the acetal 10 exceeds 25 000 (DP > 74).

Recently, the synthesis of polymers with alternating electron-
deficient substituted quinoxaline cycles and electron-donor thio-
phene or furan groups, has been carried out.55

Me3Sn Br Pd(PPh3)4

12a,b

R = C7H15, Ph; X = S (a); O (b).

The yield of the polymers was 96% and the reduced viscosities
varied from 0.37 to 0.47 dl g - I . The polymers 12a,b represent
structures with charge transfer between the electron-donor and
electron-acceptor groups, which eventually determines their in-
triguing physical properties.

Another synthetic procedure that makes use of the Pd-
catalysts involves the interaction of bistrifluoromethanesulfo-
nates (bistriflates) with bisstannin compounds (in some cases,
with aromatic dihalides). Triflates are readily formed from the
accessible hydroquinones by their interaction with triflic
(trifluoromethanesulfonic) anhydride, (CF3SO2)2O (Tf2O). This
approach applied to alkyl-containing bistriflate and bis(tri-
methylstannyl)benzene with catalysis by Pd(Ph3P)4 and LiCl
resulted in alkyl-containing polyphenylenes 13.56-57

Pd(PPh3)4/LiCl
•SnMe3 »•

dioxane

, (CH2),CH3 (x = 5, 7,11).

The maximum molecular weight of the resulting oligomer, Mn,
was 6400.

The palladium-catalysed cross-coupling also makes use of the
reactions with other organometallic compounds.58 Thus, poly-
condensation of aromatic dihalides with organotin compounds as
well as their interactions with Grignard (see below) and Zn-
reagents have been described.53 One of Zn-reagents was synthes-
ised from the corresponding diphenyl ether by transmetallation.
Its interaction with 4,4'-dibromodiphenyl ether, 4,4'-dibromo-/>-
xylene, and 4,4'-di(bromomethyl)benzene in the presence of
PdCl2(Ph3P)2 in THF was used to synthesise the corresponding
oligomers. Of them, the oligomer based on 4,4'-di(bromo-
methyl)benzene had the highest molecular weight (3100).

Polycondensation of the Zn-reagent 14 obtained from the
acetal of 4,4'-dilithiobenzophenone with dibromoderivatives of
some aromatic compounds has been carried out.54

ZnCl
Br— R-Br

[Pd]

hydrolysis

15
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i M V 2 R M g X -L2N1X2 —•• —•

The maximum molecular weight of the acetal polymer 15c,
R = (C6H4)2SO2, is not high being up to 6730 (DP = 19).

The crystalline polymer 16 obtained by hydrolysis of the
prepolymer 15 has r g = 208 °C and m.p. 380 °C. As regards its
crystallinity and other properties, the polymer 16 is closely related
to polybiphenylene ether sulfones obtained by other methods.

In general, the molecular weights of the polymers based on
Zn-reagents are lower than those based on Sn-compounds,
apparently due to the better solubility of the latter.

Thus, the use of the polycondensation cross-coupling method
in the presence of Pd° and Pd11 complexes makes it possible to
obtain polymers whose molecular weights do not exceed
20000-25000. These reactions can be carried out in aqueous
media.

III. Synthesis of polyarylenes by cross-coupling
catalysed by nickel complexes
1. Synthesis of polyphenylenes and polyarylenes using
Grignard reagents
The cross-coupling reaction of dihalogenoaromatic compounds
with Grignard reagents in the presence of various catalysts
including predominantly bivalent Ni was first described by
Yamamoto59' *° in 1977-78. Thus, the interaction of 1,4-dibro-
mobenzene with 1 equiv. of Mg and a catalytic amount of
NiCl2(bipy) (bipy = 2,2'-bipyridyl) or other Ni11 compounds in
boiling THF resulted in a polymer, which contained exclusively p-
phenylene groups, with DP of up to 24.

This polycondensation reaction was based on the synthesis
described by Tomao and Kumada in 1972.61

RMgX + R'X
NiX2L2

R-R' + MgX2.

This reaction proceeds selectively and quantitatively under
mild conditions.

Later, studies of cross-coupling of aromatic halides and
Grignard reagents were further continued in the works,22-62~65

in which not only Ni11 but, for the most part, Ni° complexes have
been used as catalysts. The most probable mechanism for this
reaction can be schematised as depicted in Scheme 2.63

An attempt has been made57 to obtain polymers from
4,4'-dibromodiphenyl ether and the Grignard reagent prepared
from it. Polycondensation was performed in the presence of
NiCl2(dppp) [dppp=l,3-bis(diphenylphosphino) propane].
However, the final products appeared to be insoluble in the
majority of organic solvents and had a low molecular weight (up
to 600).

Two most likely reasons for the termination of growth of the
poly-p-phenylene chain are: (i) the decrease of the product
solubility in the course of polycondensation and its precipitation;
(ii) chemical factors preventing the growth of the macromolecular
chain, such as hydrolysis of its active end.

R'

Scheme 2

R'X'

R-R'

The fact that phenylene and, particularly, flexible side alkyl
groups improve the solubility of low-molecular compounds66-69

and polymers 70~72 predetermined future lines for development of
investigations in the field of synthesis of polyphenylenes and
polyarylenes based on Grignard reagents, viz., the use of mono-
mers carrying side groups.

Poly(phenyl-l,4-phenylene)73 was synthesised by using the
Yamamoto reaction.59 2,5-Dibromobiphenyl was treated with
an equimolar amount of Mg in THF and then 1.13 mol % of a
nickel catalyst, NiCl2(Ph3P)2, was added:

The final product was soluble in chloroform; its molecular
mass, Mw, was 1100-2200 (in some cases, the proportion of an
insoluble fraction constituted 13%).

The use of 1,4-dibromobenzene containing side alkyl groups
[R = Alk (C6-C12)] as monomer resulted in the polymer
[-O5H2R2-],,.74

The synthesis of n-alkyl-substituted poly-/7-phenylenes was
carried out under conditions described above. The reaction
mixture was homogeneous; however, in this case, too, the degree
of polymerisation did not exceed 13. The following Ni11 com-
pounds were used as catalysts: Ni(bipy)Cl2, Ni(Ph3P)2Cl2,
Ni(acac)2, and Ni(dppp)Cb (acac is acetylacetonate). Among
those, Ni(Ph3P)2Cl2 turned out to be the best catalyst, for it gave
the polymer of the highest molecular weight.

Conducting polyarylenes, polytriphenylamines75 soluble in
benzene and chloroform were synthesised based on 4,4'-dichlor-
otriphenylamine (a) and 4,4'-dibromo-(4"-methyl)triphenylamine
(b) by Ni-catalysed polycondensation using Grignard reagents.
Ni(bipy)Cl2 was used as the catalyst; it was added only after the
formation of the Grignard reagent. This procedure made use of
metallic Mg obtained in situ by reduction of anhydrous MgCb
with metallic potassium. The yield of the oligomers was 63% and
71 %, respectively; the degree of polymerisation did not exceed 12.

From the above examples it can be seen that if the polycon-
densation is performed with the Grignard reagents, the solubility
is not crucial in the preparation of high-molecular-weight poly-
mers. The most probable reason for the termination of the chain
growth in these reactions is purely chemical, i.e., hydrolysis of Mg-
containing terminal fragments by trace amounts of moisture.
Moreover, all the polycondensation reactions based on the use
of Grignard reagents were carried out in THF, which could also
restrict the growth of the polymeric chain.

Hence, the application of Grignard reagents in the cross-
coupling reaction is limited due to the fact that they can give rise
only to oligomeric products.
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2. Synthesis of polymers using Ni° complexes
a. Homocondensation of dihaloaromatic compounds
For the first time, the condensation of aryl bromides or iodides in
the presence of Ni° complexes in dipolar aprotic solvents has been
described in Refs 76-78.

These reactions proceeded under mild conditions but had a
number of limitations: (i) their realisation required large amounts
of the catalyst, the catalyst to monomer ratio being 1:1; (ii) the
reaction conditions must be such that traces of air and moisture
must be avoided.

Using this method, Yamamoto et al.79>8° succeeded in
obtaining poly-p-phenylenes and other polyarylenes. As a cata-
lyst, Ni(COD)2 (COD = cycloocta-l,5-diene) was used. Neutral
ligands (PI13P or bipy) were also added to the reaction medium.
Thus, oligomers with molecular weights of up to 6000 were
synthesised based on p-dihalobenzenes.79 The use of 9,10-dibro-
moanthracene as monomer gave a stable complex,
LmNiX(C6H4X), in high yield; in this case, the oligomer was not
formed. Hence, it follows that chain growth also depends on the
monomer structure.

Poly-p-phenylenes carrying pendant fer-phenyl groups have
been synthesised81 from 2,5-dichloroquaterphenyl

in the presence of the same catalyst, [Ni(COD)2 + bipy)] in DMF;
they possess intriguing properties (as regards their conductivity);
however, the degree of polymerisation did not exceed 10.

In more recent syntheses employing this catalyst, polymers of
higher molecular weights could be obtained, apparently due to
perfection of the synthetic procedure, i.e., more extensive purifica-
tion of monomers and better removal of traces of moisture and
oxygen from the reaction medium. Thus, Mullen et al.82 succeeded
in obtaining soluble poly-/>-phenylene:

based on the dibromide of substituted tetrahydropyrene; its
molecular weight was 35 000 ( M J or 17 400 (Mn) (DP = 40).

Later, Yamamoto83 synthesised polyanthraquinone and
polymethylanthraquinone of high molecular weights (~ 190000)
from dichlorides:

R =H,Me.

An alternative pathway was also proposed.84"86 A reactive
Ni° catalyst was prepared from catalytic amounts of NiCl2(Ph3P)2
(or NiCl2) in the presence of excess Ph3P and a large excess of Zn
powder (or some other reducing metal) at 60-80 °C in dipolar
aprotic solvents. The reaction was completed within several
minutes.

The positive factor in the use of these Ni° catalysts is that aryl
chlorides are most active in this process, as distinct from processes
described earlier, in which aryl bromides and aryl iodides possess
the highest activity.

The putative mechanism of this reaction can be illustrated by
the following scheme with the synthesis of a bisarene as an
example:84

- L

ArNinClL2

ArNiIL3 +

Ar2NimClL2

(1)

(2)

(3)

(4)

(5)

ArNi'L3 + ArCl

Ar2NimClL2

Ni'ClLa

L = PPh3.

It has been shown that the first step (oxidative attachment of
ArCl to Ni° to form a bivalent nickel complex) occurs at rather a
high rate. The next step, i.e., the reduction of Ni11 to Ni1, is slow
and rate-limiting at the beginning of the reaction when the ArCl
concentration is still high. At the end of the reaction, it is the third
step that determines the reaction rate. It has been found that the
second and third rate-limiting steps are accelerated by the
introduction of electron-acceptor substituents into the benzene
rings and, vice versa, are decelerated with the introduction of
electron-donor substituents. In addition, in the presence of
electron-donor substituents side reactions can take place, viz.,
the formation of ArH. This is due to the fact that electron-donor
groups stabilise the coordinatively unsaturated Ni1 complex, and
the transfer of the phenyl group from the phosphorus to the nickel
atom is possible. As the reaction proceeds further, this reaction
course can result in the termination of the polymer chain and,
consequently, in the synthesis of a low-molecular weight polymer.

This method was used to obtain soluble poly-p-phenylene 17
based on 2,5-dichlorobenzophenone.87'88

Zn, NiCl2, Ph3P

DMF, 60-80 °C

The polymer 17 possessed a high inherent viscosity: 1.05 dl g~'
when the reaction was carried out for 7 h, and 1.3 dl g~' when the
reaction was carried out run for 50 h {Mw = 60000, DP = 330,
r g >205°C) . The polymer was soluble in CHCI3, in
PhOH-CH2Cl2 and PhOH-C2Cl4 mixtures, formed films, and
retained stability in air at temperatures below 500 °C (TGA).

Poly-/?-phenylenes with side acetylene fragments 18 possessing
nonlinear optical properties have been synthesised by Wright.89

[Pd]

HC=C-C6H4-NMe2
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[Ni],Zn

The polymer 18 had a low molecular weight (Mn = 8000) and
was readily soluble in ordinary organic solvents. Its glass transi-
tion temperature, Tg, is 220 °C, and its thermal stability is 300 °C
(according to TGA).

The synthesis of polyether sulfones [ - Q I L t -
S O 2 - C 6 H 4 - O - C 6 H 4 - C 6 H 4 - O - ] B and polyether ketones
with the following formulae: [ - Q ; H 4 - C ( O ) - C 6 H 4 -
X - C 6 H 4 - C ( O ) - C 6 H 4 - ] B where X = O, O Q s R A has been
described.90"92 4,4'-Bis(p-chlorophenyloxy)diphenylsulfone was
used as the main monomer during the synthesis of polyether
sulfones. Copolymers of 4,4'-bis(/>-chlorophenyloxy)diphenyl-
sulfone with 4,4'-dichlorodiphenyl sulfone, p-dichlorobenzene,
etc, were also obtained. Of all polymers, the homopolymer
possessed the largest reduced viscosity (0.81 dl g"1); the viscosi-
ties of copolymers (in N-methylpyrrolidone at 25 °C) were in the
range 0.4-0.69 d i g - 1 .

The efficiency of homopolycondensation and, correspond-
ingly, the molecular weight of the polymers obtained in the
presence of Ni° complexes depends on three factors. The most
important is the absence of moisture, since in the presence of water
aryl halide is reduced to arene,93 eventually resulting in the
termination of the chain. The second factor is the inert atmos-
phere, since even very small amounts of oxygen deactivate the
catalyst (nickel oxide formed upon oxidation is not a catalyst
under these conditions). The third factor is the purity of Zn (this
must possess a well-developed surface and be free of oxygen).

The synthesis of polyarylenes involving Ni° catalysts has also
been described in many other papers. Thus, l,2-bis(4-chlorophe-
nyl)- and l,2-bis(3-chlorophenyl)-l,l,2,2-tetramethyldisilane
were used as monomers;88 however, the polymers based on them
had low molecular weights, 2400 and 10 000, as could be deduced
from GPC data. The polyarylketone obtained from 4,4'-dichlor-
obenzophenone rapidly formed a precipitate (its molecular weight
was as low as 1700). An alternative pathway for the synthesis of
polyarylketone from polyketimine with subsequent hydrolysis of
the ketimine groups has been proposed:88

0.25 dl g~' (when the synthesis is performed in JV-methylpyrroli-
done, the viscosity can amount to 0.36 dl g~').

Thus, the use of Ni° complexes has made it possible to obtain
in some cases high-molecular-weight polymers from monomers
carrying electron-acceptor substituents provided stringent condi-
tions of the synthesis are observed.

b. Homopolycondensation of bistriflates
Ni° complexes are ideal catalysts for the homopolycondensation
of aromatic substituted bistriflates.94-95

R = Ph, COOMe, Bul.

The reaction was carried out with Ni° prepared in situ in the
presence of excess Zn. It should be noted that the degree of
polymerisation of polyphenylenes with phenyl, carboxymethyl,
and terf-butyl substituents is different,90 reaching 15, 30-47 and
< 14, respectively. It may be inferred from these data that with
triflates the molecular weight was the highest when monomers
carrying electron-acceptor substituents were used.

One serious pitfall of this method is that the coupling of
monomers can proceed in a 'head-to-tail' and 'head-to-head'
manner, resulting in polymers with irregular structures. In this
respect, the application of symmetrical monomers seems to be
more expedient. Thus, the synthesis of the following monomer:

The polymer carrying ketimine groups is more readily soluble
than its benzophenone analogue and has an inherent viscosity of

has been described.91

Homopolycondensation of this monomer resulted in an
oligomer with DP = 7-8 (GPC) with a 33%-35% yield. The
oligomer appeared to be nonconjugated due to the non-coplanar-
ity of the benzene nuclei; however, it can be transformed into a
conjugated form by intramolecular cyclisation resulting in the
formation of triphenylene or perylene structural fragments.

TV. Synthesis of heterocyclic polyarylenes
There is an ample body of evidence concerning the synthesis of
low-molecular organic compounds by cross-coupling of halogen
derivatives of thiophenes, pyridines, JV-substituted pyrroles,
quinolines, benzotriazoles, ferrocene,96 and even halonucleosides
with the use of Ni and Pd catalysts.97 Attempts have been made to
apply this methodology to the synthesis of heteroaromatic
polyarylenes (especially, of conducting systems of the polythio-
phenetype).79-98"107

Electrochemical methods or oxidation are used for obtaining
heteroaromatic polymers; however, these techniques do not give,
with a few exceptions,108 regular structures.

By contrast, the cross-coupling reaction catalysed by transi-
tion-metal complexes allows for regio-specific interactions
between the monomers, and correspondingly, the synthesis of
polyheteroarylenes of a strictly defined structure. This approach
was very extensively used in the synthesis of poly-2,5-thiophenes
(to a lesser degree, poly-2,5-selenophene,109 poly-2,5-pyrroles and
related model oligomers).

Cross-coupling reactions proved to be very effective in the
synthesis of polythiophenes. In addition to the reproducible
method for the synthesis of high-molecular-weight poly-2,5-
thiophene, other procedures were elaborated for the synthesis of
substituted poly-2,5-thiophenes and individual oligomers con-
taining up to 7 cycles. As early as 1980, Lin98 and Yamamoto99
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described the polycondensation of 2,5-dibromothiophene and
demonstrated the advantages of nickel catalysts over palladium
ones in the synthesis of polythiophene.

Polycondensation cross-coupling aimed at the synthesis of
heterocyclic polyarylenes developed along the three main lines: (i)
the use of Grignard reagents and their further interaction with
heterocyclic halides in the presence of Ni1' complexes; (ii) the use
of stoichiometric quantities of Ni° complexes; (iii) the use of Ni°
complexes synthesised in situ in the presence of reducing agents.

Poly-2,5-(thiophene) and its methyl derivatives have been
obtained98'99-102'103 in the following way: first, Grignard
reagents were synthesised from the dibromides in the presence of
a stoichiometric amount of Mg. They were subjected to poly-
condensation in the presence of catalytic amounts of a NiCUfbipy)
complex in THF (first approach). The resulting product was
poorly soluble in organic solvents (22%). The soluble fraction
had a molecular weight, Mn = 1370.

In more recent studies,106-107 the following substituted dibro-
mothiophenes were used:

, Bu", n-C6Hi3, (OCH2CH2)nOCH3 (n =1,2) etc.

In both of the studies cited the monomer of the AB type was
first obtained: to this end, one bromine atom was substituted by
the MgBr group in the presence of the catalyst, Ni(dppp)Cb. The
experimental conditions were such that the maximum molecular
weight, Mw, reached 71000 (DP = 160). In this case, the yield of
the 'head-to-tail' polymer amounted to 99%.

Yamamoto 79 suggested to use the Ni° - Ni(COD)2 complex in
the presence of PI13P or bipy for the preparation of substituted
(R = C6Hi3, C8Hi7, C12H25, CN) and non-substituted polythio-
phenes (second approach). The molecular weight of polythio-
phene with R = C6Hi3 was 52000 (Mw, light scattering) and
190 000 for the samples obtained after 16 and 48 h, respectively.

Ueda et al.100 described the synthesis of poly-3-phenyl-2,5-
thiophene based on a chloro-substituted monomer using catalytic
amounts of Ni° complexes in the presence of reducing agents
(third approach).

A symmetrical monomer with two thiophene groups has been
recommended u l for the synthesis of polythiophene.

This route precludes the formation of a polymer having an
irregular structure. The inherent viscosity of the polymer was
rather high rising to 0.23-0.25 dl g - ' .

Recently Bauerle'12> 'n has described the synthesis of several
intriguing oligothiophenes, such as the heptamer:

which is a compound of choice for electrochemical studies. It is
noteworthy that analogous oligothiophenes were earlier obtained
by other methods.114"116

As far as oligo- and poly-pyrroles are concerned, despite the
considerable interest of investigators in these compounds (in the

context of materials technology), only a small number of them
have been synthesised with the use of the polycondensation cross-
coupling method.

Thus, Kovacic117'118 reports on the synthesis of phenyl- and
benzyl-substituted poly-iV-methyl-2,5-pyrroles from the corre-
sponding 2,5-dibromopyrroles. After conversion into the corre-
sponding bifunctional Grignard reagents, these pyrroles entered
into the polycondensation reaction catalysed by Nin(acac) in the
quantities exceeding the stoichiometric ones. The resulting oligo-
mers were partly soluble in organic solvents but had rather low
molecular weights (according to the residual bromine content).

A wide variety of oligomeric unsubstituted poly-JV-methyl-
2,5-pyrroles have been synthesised and fully characterised in the
course of detailed studies carried out by Kaufman:119

r\
Me

n =2,6,8,16.

It is to be mentioned, however, that the presence of methyl
groups at the nitrogen atoms in the pyrrole rings decreases sharply
the conductivity of polypyrroles. However, in the above syntheses
only JV-substituted pyrroles could be used, since the unprotected
pyrrole is unstable (its sensitivity to even trace amounts of
oxidants is well known). Therefore, the progress in the synthesis
of conducting polypyrroles could be achieved if the problem of the
monomer stability is solved.

The best solution of this problem is the use of JV-substituted
pyrroles provided the protecting group can be removed if
required.118-119 In this case, polycondensation of monomers
results in protected oligomers and polymers, which can be
converted into poly-2,5-pyrroles at the final stage of the reaction.
to-J-Butoxycarbonyl was used as the protecting group, since it
decomposes completely to form CO2 and isobutene,120 favours an
increase in the solubility of intermediate oligomers and polymers
and thus facilitates their processing and analysis; it is also an
electron acceptor, and, as a consequence, demonstrates a stabilis-
ing effect.

Below is given a scheme of the synthesis of the corresponding
substituted oligopyrroles and of oligopyrroles prepared from
them:

COOBu'

n =1,3 , 5,7;TO - B + 2 .

Bromination of iV-terf-butoxycarbonylpyrrole (n = 1) has
been carried out according to Gilow.121 The dibromide thus
obtained122 reacted with two equivalents of a mono tin derivative
of AT-terf-butoxycarbonylpyrrole51 to give a trimer. Bromination
of the trimer at the both terminal oc-positions and its repeated
reaction with the organotin derivative resulted in further elonga-
tion of the chain to yield a pentamer. This pentamer was then
repeatedly introduced into the chain growth cycle and so on. The
resulting oligomers were fully characterised by spectroscopic
methods.123 The crystal structure of some of these compounds
was established by X-ray analysis.1
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Heating of each of these polymers at 160-180 °C led to the
elimination of the protecting COOBu'-groups resulting in a series
of unprotected oligopyrroles with m = 3,5,7,9. According to 'H
and 13C NMR data, the deprotection was almost complete: the
content of residual COOBu'-groups did not exceed 4%. The
longest pyrrole oligomer known thus far was terpyrrole. It is of
note, however, that unprotected oligopyrroles are very unstable
compounds, which form gels even at low temperatures; their
treatment must be carried out in the absence of air.

The application of Pd-catalysed polycondensation to poly-
pyrrole synthesis is coupled with certain difficulties, which are not
still resolved. The attempts to synthesise polypyrroles under
conditions of the Suzuki reaction (Pd-catalysed interaction of
dihalides with diboronic acids) were unsuccessful, because in the
case of pyrrole the electron-rich heteroatom easily loses its
functional groups. For example, heating of iV-terf-butoxycarbo-
nylpyrrole-2-boronic acid in the biphasic toluene/Na2CO3 system
for 24 h at 50 °C (in the absence of other components of the cross-
coupling reaction and catalysts) resulted in a 50% loss of the
B(OH)2 groups, which thus determines the inapplicability of these
compounds in the polycondensation reaction.124-l25

Therefore, an attempt has been made to prepare oligomers
based on other monomers. To this end, monomers of the AB-type
containing the trimethylstannyl group instead of B(OH)2 have
been synthesised:

!nMe3 Br-

COOBu'

19

COOBu'

20 (m =3)

•SnMe3

Studies of cross-coupling of compounds of this type have
shown that monomers 19 and 20 are quite stable.50

According to liquid chromatography data, polycondensation
of the monomer 19 yields only the oligomers with n = 3 - 4 . To
elucidate the reason for the low DP of these products, the lowest
oligomers were isolated from the mixture and their structure was
elucidated. It was found that they contain Me- and SnMe3-groups
as terminal groups rather than Br- and SnMe3-groups as could be
expected for the systems obtained by the interaction of the above
monomers. The attempts to prevent the undesirable termination
of the chain by varying the reaction conditions have failed. In
further studies, an approach well-known in polycondensation has
been applied, namely, the use of monomers containing more than
one repeating unit. To this end, the terpyrrole monomer 20 was
used. The polycondensation again proceeded with difficulty, but
since the original monomer contained three structural units, it
yielded an oligomer with n = 10. Fractionation of a mixture gave
an oligomer with 20 iV-substituted pyrrole rings in the chain
(Mw = 3400, Mn = 2800). After deprotection, this oligomer was
further used in electrochemical and optical-spectroscopic studies.

Pyrrole can also be introduced into the reaction of copoly-
merisation with aryldiboronic acid. The copolymer

was obtained by the interaction of the substituted aromatic
diboronic acid with dibrominated protected pyrrole followed by
thermal deprotection.126 The resulting product had a rather high
molecular weight, Mw = 17000-20000.

It may be inferred from the above that the polycondensation
cross-coupling employing transition-metal complexes as catalysts
allows one to synthesise soluble carbo- and hetero-chain polyar-
ylenes of a strictly defined structure.
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Abstract. The main principles, characteristic features, advantages,
and disadvantages, of the application of alkoxo-technology + for
the preparation of heterogeneous oxide catalysts and carriers are
examined. The bibliography includes 293 references.

I. Introduction
The traditional technologies for the preparation of inorganic
oxide materials, including carriers and heterogeneous catalysts,
which are based on the use of inorganic acid salts, oxides, and
hydroxides as precursors, have to a large extent exhausted their
possibilities. The probability that a qualitative jump in the
development of this field can be achieved and that the character-
istics of materials, can be appreciably improved on their basis in
extremely small. One of the promising approaches to the over-
coming of many disadvantages of the traditional technology and
to the creation of new materials and the improvement of the
quality of those already known involves the application as starting
materials (precursors) of the alkoxides of various chemical
elements (metal alkoxides and alkyl esters of ortho-acids). This
method has been called alkoxo-technology. Abroad, alkoxo-
technology, which is one of the variants of sol-gel technology,
made it possible to initiate the manufacture of a series of advanced
materials for microelectronic, optic fibre, aerospace, and other
branches of engineering.1"3 The number of publications on this
topic throughout the world runs into thousands, but in the
Russian scientific and patent literature they are represented by
few examples and are either of a purely academic character or are
concerned with simple variants of alkoxo-technology associated

t Alkoxide sol - gel methods (Translator).
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with the employment of only silicon alkoxides or their mixtures
with inorganic salts. This situation has led to an underestimate of
the possibilities of the use of alkoxo-technology in heterogeneous
catalysis. Furthermore, it was evident from the very beginning
that the most promising aspect of its practical application involves
the preparation of catalysts and carriers for the latter.4

The reviews5"11 concerning the application of alkoxo-tech-
nology in heterogeneous catalysis are relatively inaccessible and
are limited to the consideration of a narrow range of problems.
The aim of the present review is to survey the most important
advances in the field of alkoxo-technology (mainly during the last
decade) and also to assess the potential possibilities of its use for
the preparation of oxide catalysts and carriers.

n. The mechanisms of the conversion of alkoxides
into oxides
Alkoxides are converted into oxides in thermal and thermooxida-
tive degradation and hydrolytic processes and in the interaction
w t̂h the surface OH groups and hydroxides.

In the synthesis of oxide powders by spray pyrolysis in an inert
medium, in the chemical vapour-phase deposition of coatings, and
in the preparation of coatings and bulky materials from solutions
of alkoxides or the products of their partial hydrolysis, the
alkoxides undergo thermal decomposition. A schematic illustra-
tion of this process, proposed by Tishchenko as early as the past
century,12 can be represented as follows:

E(OR)n —

E2O, + R ( _ H ) + R O H , (1)

E2O,,+ROR —
- » - E ( O H ) 2 + R ( _ H ) , (2)

RH +R'C(O)H +H2O.(3)

Here the symbol E designates the fundamental element. The
composition of the organic product of the thermal degradation
(ethers ROR, alkenes R<_H), alkanes RH, aldehydes R'CHO, and
alcohols ROH) is determined mainly by the nature of the alkyl
group and of the chemical element and also by the process
temperature. For example, alkaline earth metal oxides are
capable of dehydrating ethers and the decomposition of their
alkoxides proceeds predominantly via path (2). Alkoxides with
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secondary and tertiary alkyl groups decompose most readily via
path (1) (since the heterolytic dissociation of the R—O bond and
the abstraction of a proton from the carbonium ion are facilitated
under these conditions).13 For catalytic purposes, it is desirable to
employ the alkoxides derived from higher alochols, since in this
case the oxides formed have the most extensive porous structure.
Products of the thermal decomposition of alkoxides are usually
nonstoichiometric oxides E2On_x and this factor may be used
deliberately for the preparation of a series of catalysts. The
thermal decomposition conditions are chosen in such a way that
certain catalytically active substances are segregated not in the
oxide but in the metallic form (the reduction is effected by the
organic thermal degradation products). This mechanism can be
achieved also in a mixture of an alkoxide (precursor of the porous
carrier) and of the salt undergoing thermal decomposition
(precursor of the metal catalyst).

The thermal decomposition of alkoxides for the preparation
of catalysts and adsorbents is usually carried out under thermoox-
idative conditions in the presence of O2. Together with reaction
(l)-(3), the alkyl groups of the alkoxide and of the organic
degradation products are oxidised. The compounds formed may
interact with the alkoxide: the water evolved in the thermal
oxidation hydrolyses the alkoxide, as a result of which the
decomposition is sharply accelerated and assumes a chain char-
acter.

Not only the final process temperature but also the rate of its
increase exert a definite influence on the course of the thermoox-
idative degradation, which is associated with the sintering of the
elementoxane skeleton at high temperatures, decrease in the
oxidation surface, and hindrance to the diffusion of oxygen and
volatile products. Although all this leads to a sharp fall in the rate
of decomposition of alkoxides, nevertheless it is not always taken
into account in practice.

Alkoxides are usually converted into oxides by hydrolysis in
which the following reactions take place:14-15

E(OR)B + H2O

(RO)n_,EOH-

2(RO)n_iEOH

—»*(RO)n

hE(OR) n -

..iEOECOP

— (RO)n

_iEOH + ROH,

-»•

L),_, + ROH,

_1EOE(OR)n_1 + H2O.

(4)

(5)

(6)

The hydrolysis [reaction (4)] of the majority of alkoxides
proceeds at a high rate and the overall rate of hydrolysis is
determined by diffusional and not kinetic factors. In order to
complete the condensation with formation of ROH or H2O
[reactions (5) and (6)], an increased temperature and/or the
presence of acidic or basic catalysts is usually required. The
dimers formed on condensation enter into further reactions with
H2O and alkoxide hydroxides. The composition and structure of
the final hydrolysis (hydropolycondensation) product depend
mainly on the nature of the chemical element and the alkyl
group, the pH of the reaction medium, and the ratio of the
alkoxide and water.

If water has been added in an amount theoretically insufficient
for the complete elimination of the RO groups via reactions
(4)-(6), for example less than 2 moles of H2O per mole of the
alkoxide of a tetravalent element, then alkoxyelementoxane
polymers (oligomers) of different structure are formed. The
chain of such a polymer includes the following units:

RO OR

RO o— RO
\

RO,

V
—O.

—o'
/ \

and

—O X

By selecting the reaction conditions, it is possible to regulate
the ratio of such units and the ways in which they are joined
together and to synthesise polyalkoxyelementoxanes having a
predominantly linear or branched structure, which makes it
possible to control the porous structure of the oxides formed on
their decomposition.

If the hydrolysis of the alkoxides proceeds in an excess of H2O,
then, depending on the nature of the element, the oxides E2OB, the
hydroxides E(OH)B, or the oxide hydroxides EOx(OH)w_2x,
containing residual RO groups, are formed. This is associated
with the reversibility of the reactions and the formation of three-
dimensional elementoxane skeletons with sterically 'frozen' RO
groups incapable of further hydrolysis or condensation with OH
groups.

Complete hydrolysis is usually carried out in aqueous alco-
holic media with a 10-20-fold excess of H2O (relative to the
theoretical amount). The hydrolysis products are isolated in the
first stage in the form of nanometer-sized particles, so that the
reaction medium remains optically transparent. Such a solution,
called a sol, may be stabilised by special additives and may be used
in the deposition of catalytic coatings and as a binder for carriers.
Partly chelated alkoxides, for example Ti(OR)2(acac)2, are often
used for the preparation of sols from the readily hydrolysable
aluminium, titanium, or zirconium alkoxides, since this ensures a
quieter course of hydrolysis (without the formation of powders or
gels) and the stabilisation of the sol formed.

If the sol is not stabilised, the shape and size of the primary
particles change during its ageing and gradually combine into
various associated species. The sol loses its fluidity and is
converted into a gel. The sol-gel transition may be regulated by
selecting the solvent and the catalysis and by altering the
temperature. An important factor is that this process is fairly
controllable and that it does not entail, in contrast to the
preparation of a sol from inorganic salts, the laborious washing
away of extraneous ions and an increased purity of the product is
attained. Although the SiO2 carriers obtained, for example, from
sodium silicates, are cheaper than those obtained from ethyl
silicates, they retain 1 % of Na2O even after prolonged wash-
ing,16 which lowers their thermal stability and interferes with a
series of catalytic processes.

Water and organic solvents are removed from gels by drying in
air at different temperatures or by treatment in an autoclave at
temperatures and pressures above the critical values for the
solvent being removed (super-critical or hypercritical condi-
tions). Xerogels and aerogels are then obtained respectively. The
specific surface (Ssp) and the pore volume of the aerogels are
somewhat greater than those of the xerogels, but the latter are
cheaper and therefore have found more extensive application.
Owing to the difference between the capillary tensions in pores
with different diameters, large specimens crack and disintegrate
during the drying of the xerogels, which, however, does not
preclude their application, since the xerogels are usually
employed only at starting materials for the preparation of various
forms of catalysts and carriers (with the aid of comminution,
moulding with a binder, and sintering). In recent years, methods
have been developed for the drying of the gels under the usual
conditions without cracking.17 For this purpose, chemical addi-
tives, for example formamide, which control the drying process,
are introduced into the solutions being hydrolysed.

In most cases only one oxide is insufficient for the preparation
of a carrier or catalyst with the optimum combination of proper-
ties. Mixed oxides are frequently used in heterogeneous catalysis.
When alkoxo-technology is employed, they are obtained by the
joint hydrolysis of two and more alkoxides or by the hydrolysis of
an alkoxide in the presence of inorganic compounds with
subsequent drying and partial sintering. The main problem in
the hydrolysis of a mixture of alkoxides is that of the generation of
mixed elementoxane fragments E - O - E ' , which ensures the
homogeneity of the system at the atomic (molecular) level and
ultimately makes it possible to reduce sharply the crystallisation
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and sintering temperatures or, conversely, to increase the tem-
peratures of undesirable phase transitions.

The homogeneity of the distribution of the components,
including small amounts of modifying additives, is the principal
advantage of alkoxo-technology. Thus a microheterogeneous
mixture of SiO2 and TiO2 is formed in the SiCU-TiCLt system
on deposition,18 whereas the joint hydrolysis of Si(OR)4 and
Ti(OR)4 leads to the formation of a homogeneous titanosilica
gel.19 When aqueous solutions of aluminium and magnesium salts
are made alkaline, mixed hydroxide and oxide hydroxides with a
homogeneous distribution of the metals are not formed owing to
the difference between their precipitation pH values.20 In contrast,
on dissolution of alkoxides in organic solvents, complex forma-
tion takes place and the alkoxo-salt Mg[Al(OR4)]2 is formed,
partial hydrolysis generating the Al—O—Mg fragment. Homo-
geneity is also retained on subsequent conversion into oxide
hydroxides and oxides.21 Mixed E—O —E' fragments are formed
mainly on condensation of the RO and OH groups attached to
different elements:

-EOH + ROE'~-

-EOR + HOE'~-

-~EOE'~ +ROH,

-~EOE'~ +ROH.

It is noteworthy that the rates of hydrolysis and condensation
of alkoxides differ significantly. This complicates the task of
achieving atomic homogeneity (simple addition of water to a
solution of a mixture of alkoxides usually results in the formation
of a heterogeneous mixture of oxide and/or oxide hydroxide
particles of nanometer size). A series of methods for the solution
of the problem have been developed: slow hydrolysis by atmos-
pheric moisture, selection of RO groups, the use of presynthesised
mixed alkoxides, the introduction of organometallic catalysts, and
preliminary partial hydrolysis of one of the alkoxides. The last
method has received the greatest attention.22"24 Thus in the
manufacture of highly porous 'SiO2—ZrtV carriers, Si(OEt)4 is
initially partially hydrolysed, after which Zr(OPr)4 is added, and
then the final hydrolysis is carried out:25

Si(OEt)4 + H2O — - Si(OEt)3OH + EtOH,

Si(OEt)3OH + Zr(OPr)4 —»• (EtO)3SiOZr(OPr)3 + PrOH,

(EtO)3SiOZr(OPr)3 + nH2O — - SiO2-ZrO2.

The high chemical reactivity of the RO groups of alkoxides is
manifested also when alkoxides come into contact with the OH
groups of surfaces and hydroxides. This feature has been used
successfully in the modification of the surfaces of catalysts and
carriers. The sequence of reactions occurring under these condi-
tions and the structure of the films (monolayer or bilayer in the
initial stage of their formation), which are produced when a
hydroxylated surface is treated with an alkoxide of a tetravalent
element, can be represented as follows:

OH OH OH
E(OR)4

E(OR)2

O O OE(OR)3
H2O,A

E(OH)2

O O OE(OH)3

/ / / / / / / / / / / / / / / / / / / / / /

A/*
o v

RO OR

V
) x ^OH

o'V
E(OR)4

A similar modification of the surface may be achieved with the
aid of anhydrous halides, which are virtually the only alternative
to alkoxides. However, this does not afford any significant
advantages, whereas the disadvantages of this procedure (among
which difficulties in the storage and use of the product and the
evolution of hydrogen halides during hydrolysis may be included)
are fairly considerable.

The processes in which the precursors of oxide carriers and
catalysts are inorganic compounds is of great interest. Alkoxides
are then formed or R—O—E fragments are generated. Such
processes are based on familiar reactions involving the formation
of alkoxides from hydroxy-compounds, on the one hand, and
oxides, hydroxides, and the salts of volatile acids (acetic, carbonic,
and nitric), on the other.26"27 For example, the alkoxide
(glycolate) was obtained directly in the reaction mixture in the
synthesis of the Ni-SiO2 catalyst:28

Ni(OH)2 +HOCH2CH2OH •NiOCH2CH2O+2H2O.

Until recently, attention has been devoted to the specific
synthesis of alkoxides from cheap inorganic compounds directly
during the preparation of carriers and catalysts, i.e. to the
attainment of the chain of reactions inorganic com-
pound -> alkoxide -> oxide within the framework of alkoxo-
technology.

III. Principal aspects, advantages, and
disadvantages of the application of alkoxo-
technology in heterogeneous catalysis
The chemical properties of alkoxide and the products of their
hydrolysis described above as well as the mechanism of their
conversion into oxides provide alkoxo-technology with the
following important advantages:

- high purity of the final products (other elements can be fairly
readily eliminated from alkoxides even at the synthesis stage or on
distillation, and the preparation of powders does not require a
milling stage in which the product might be contaminated);

- structural and chemical homogeneity of multicomponent
mixtures;

- an appreciable decrease in the phase formation and sintering
temperatures;

- simplicity of deposition of coatings with a controllable
porosity and thickness on carriers of any shape;

- the possibility of synthesising new crystalline and amor-
phous compounds, the preparation of which by traditional
methods is difficult or impossible;

- high quality of the intermediate products obtained when
hydrolysed alkoxides are used as binders for large articles;

- the possibility of obtaining products in the form of fibres and
microspheres;

- ecological cleanliness of the processes.
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In modern chemical engineering, ecological advantages have
assumed particular importance. Firstly, when alkoxides are
employed, problems of the purification of waste waters do not
arise. Secondly, the alcohols and organic compounds formed
when alkoxides are converted into oxides may be fairly readily
trapped, reused, or combusted further to CO2. This is significantly
simpler than neutralisation of nitrogen and sulfur oxides as well as
hydrogen halides, which are frequently present in the effluent
gases in the synthesis of catalysts from inorganic precursors.

The main disadvantages of alkoxo-technology are as follows:
- the use of organic compounds as solvents;
- the considerable shrinkage in the preparation of dense

materials;
- the higher cost of alkoxides compared with inorganic

compounds.
The handling of organic compounds (solvents, alcohols, and

decomposition products) requires the use of explosion-proof
apparatus. However, this is not a significant obstacle to the
employment of alkoxo-technology in catalysis, because the
manufacture of catalysts is in general distinguished by a high
degree of technological sophistication. Similar problems arise (are
solved) also in the handling of ammonia, ammonium salts, and
acetates.

The appreciable shrinkage during sintering is known to have a
negative effect on the preparation of dense, and bulky ceramic
materials.29 In heterogeneous catalysis, alkoxides and their
hydrolysis products are usually employed for the deposition of
thin coatings or as binders in the preparation of bulky carriers and
catalysts. In such cases, the problem of shrinkage is not so
significant, particularly since the heat treatment is carried out at
temperatures such that only partial sintering of the oxide skeleton
generated from the alkoxide takes place and the optimum ratio of
porosity to strength is ensured (porosity reduces sharply the
strength of oxide materials).

The higher cost of alkoxides compared with inorganic com-
pounds is undoubtedly the most important disadvantage of
alkoxo-technology. Nevertheless, both in Russia and abroad
silicon alkoxides are widely used in the casting of metals in
accordance with smeltable models. The world prices of silicon,
titanium, and aluminium alkoxides are comparable and are
respectively about 3.5, and 3 U.S. dollars per kilogram.30 The
reasons why foreign investigators and practicianers in the field of
the sol-gel process have turned to its alkoxide version are not
discussed in the Russian literature,31 so that the hypotheses
concerning the use of cheaper inorganic precursors are insuffi-
ciently convincing. It is striking that abroad it is regarded
economically justified to employ for the preparation of a series
of oxide materials not only alkoxides but also even acetylaceto-
nates,32-33 the cost of which is higher by a factor of tens.

The application of the mixed alkoxoacetylacetonates
E(OR)x(acac)B-*, also of the acetylacetonates E(acac),,, is con-
sidered in this review, since the latter represent a special kind of
alkoxide with an intramolecular coordinate bond and a conjuga-
tion system, which are formed with participation of acetylacetone
in the enolic form.

Not so much the high cost as the lack of a wide-scale industrial
manufacture of aluminium and zirconium alkoxides, which
together with silicon and titanium alkoxides are the principal
reagents in alkoxo-technology, is a more realistic obstacle to the
introduction of the latter in Russia. Their manufacture is now
being initiated, but an electrochemical procedure is used for this
purpose,34 which differs from the industrial methods of alkoxide
synthesis generally adopted in world practice.35

Figure 1 presents schematically the principal aspects of
alkoxide use in the technology of heterogeneous catalyst syn-
thesis. This scheme embraces silicon, aluminium, and titanium
alkoxides. Sometimes the oxide formed from one alkoxide is
catalytically inactive or is insufficiently active. Such an oxide
may function as a cocatalyst, a carrier, or an inorganic carrier,
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Figure 1. Principal operations in the preparation of intermediate prod-
ucts and catalytic materials from the alkoxides of catalytically active
elements.

while the active component may be added to it, for example, in the
course of, or after, joint hydrolysis.

There are several ways of synthesising heterogeneous cata-
lysts, including the following operations (Fig. 1): I and II — total
hydrolysis and drying, III — hydrolysis accompanied by the
introduction of a filler and moulding, IV — partial hydrolysis;
V — treatment of the carrier with a liquid or gaseous alkoxide;
VI — total hydrolysis with stabilisation of the sol; VII —
dispersion; VIII — introduction of inorganic binders (including
their introduction via alkoxides) and moulding; IX—preparation
of the solution, introduction of the filler, and moulding; X —
treatment of the carrier with a polymer solution; XI — introduc-
tion of binders and moulding (preparation of fibrous and
powdered carriers). The concluding operation in procedures I,
III, V and VIII — XI is heat treatment. Specific ways of
implementing individual variants of this general scheme will be
examined below.

IV. Regulation of the chemical and phase
compositions of oxide systems
The purity of the alkoxides, the uniformity of the distribution of
the components in their joint hydrolysis mixtures, and the
increased reactivity of the oxides formed after the removal of the
organic component favour the specific regulation of the chemical
and phase compositions of catalyst materials and hence exert a
definite influence on their characteristics.36

One of the commonest carriers and also catalysts or cocata-
lysts in many reactions is porous Y-AI2O3. In its preparation, it is
necessary to solve a whole series of problems: the formation and
stabilisation of a large surface area, the attainment of definite acid
— base characteristics, and the retardation (shifts towards higher
temperatures) of the y-KX transition. The last problem is
especially important in high-temperature catalysis, since the
y -> a transition is accompanied by an increase in grain size and
in the density of the carriers and catalysts, which leads to a sharp
decrease in their specific surfaces (Ssp) and strength up to
disintegration. The use of alkoxo-technology made it possible to
achieve significant advances in all these aspects. Thus Y-A12O3

obtained from an alkoxide is distinguished by an increased
thermal stability:37-38 after heat treatment at 800 °C, the specific
surfaces of the alkoxide and nitrate y-AkOs are respectively 150
and 50 m2 g~'.



Prospects in the application of alkoxo-technology in heterogeneous catalysis 801

The thermal stability of Y-AI2O3 increases significantly after
the introduction of certain elements in the A1(OR)3 hydrolysis
stage:39 the specific surfaces of Y-AI2O3 without additives and
following the addition of 4% of ThO2, ZrO2, and SiO2 were 80,99,
88, and 150 m2 g ~ ' respectively after they had been maintained at
1000 °C for 24 h, while the specimens containing 7% of SiO2 had
S,p = 116,98.4, and 84.9 m2 g~' after heat treatment at 1100 °C
for 30, 100, and 400 h respectively. The increase in thermal
stability is due to the uniform distribution of the additives in the
alumina matrix, which hinders the conversion of the low-tem-
perature modifications of alumina into the thermostable a-form
and shifts it into the region of higher temperatures.

Alkali and alkaline earth metal hexa-, undeca-, and dodeca-
aluminates have a greater ability than y-Al2O3 to retain an
extensive specific surface at temperatures above 900 °C. They
can be most conveniently synthesised by employing alkoxides or
mixtures of alkoxides with acetylacetonates and hydroxides.40"44

Thus barium hexaaluminate, obtained by the traditional solid-
phase synthesis from BaCO3 and A12O3, had S^ = 6.3 m2 g - 1

after heat treatment at 1300 °C, while the specimen obtained by
the alkoxide method had Ssp = 20.2 m2 g-1.42

It is of interest to compare the alkoxide method with other
procedures for the preparation of aluminates. For example, the
traditional method of preparation of hexaaluminates as carriers
for final-combustion catalysts includes the following principal
technological operations: fusion of AI2O3, B2O3, and alkaline
earth metal oxides at temperatures exceeding 1500 °C, mainte-
nance at 750-850 °C, comminution, leaching with acids (for
example, with acetic acid), washing, and drying.45 This process is
distinguished by high energy consumption, is laborious, and
generates a series of ecological problems. When alkoxo-technol-
ogy is employed, water is simply added to alkoxides and the
powders are separated and heat-treated (up to 900 °C). Such
simplification of the technology combined with an increased heat
resistance of the products justifies the view that the alkoxide
method is an economically more acceptable procedure for the
preparation of aluminate carriers for high-temperature cata-
lysts.43 All these advantages outweigh the disadvantages associ-
ated with the increased cost of the alkoxide precursors.

The use of alkoxo-technology makes it possible to regulate the
degree of homogeneity in the distribution of the components in
multicomponent systems.

Thus, depending on the conditions in the joint hydrolysis of
A1(OR)3 and Si(OR)4, powders having the mullite composition
(3A12O3 • 2SiO2) could have a specific surface of either 6.8 or
38 m2 g - 1 after heating at 1500 "C.46 The degree of homogeneity
of the former did not then attain the atomic level (nanocomposite)
and that of the latter corresponded to the atomic or nearly atomic
level of distribution of the components. In the latter case, the
mullite microcrystals were formed at 900-1000 °C and the
vitreous aluminosilicate phase, through which recrystallisation
accompanied by a decrease in Ssp in fact largely occurs, was then
absent from the system.

The aluminomagnesium alkoxide spinel — a promising
chemically inert carrier — also has an enhanced thermal stabil-
ity.47 Its specific surface at 1100 °C is 30 m2 g - > ,47

Depending on the alkoxide decomposition conditions (the
effect of water or atmospheric moisture, thermal decomposition),
Y-AI2O3 powders with different acidities, which affect their
catalytic properties, are formed.48 Thus, in the dehydration of
ethanol on one of such powders, the yields of C2H4 and Et2O were
73% and 8% respectively for a conversion of 82%, whereas on
Y-AI2O3 obtained from inorganic precursors the yields were 2.6%
and 10% respectively.

Modification of the chemical composition of the Y-AI2O3
surface by treating the latter with Si(OR)4 and subsequent
deposition of palladium or platinum made it possible to obtain a
thermostable catalyst capable of ensuring the flame-free combus-
tion of hydrocarbons, diminishing thereby the evolution of CO
and NO* during catalytic combustion.49

A special program for the preparation of artificial clays is
being developed in Japan. Its aim is to improve the quality and to
attain the stability and reproducibility of the properties of
promising ceramic materials.50 Such clays are used, for example,
in the manufacture of ceramic cellular carriers for catalytic
converters in internal combustion engines. The possibility of
using alkoxides as oxide precursors is being investigated, which
is not surprising since Japan is the leader in the introduction of
alkoxo-technology. Treatment of natural clays with alkoxides
makes it possible to obtain secondary clays with increased inter-
layer distances and greater specific surfaces,51 which ensures the
creation of a comparatively cheap heat-resistant and strong
ceramics.

Studies carried out by the Nissan Motor Company and the
National Chemical Laboratory of Japan have shown that,
depending on the structure of the added low-molecular-mass
polyether, anatase or rutile may be obtained from Ti(OPr')4 after
hydrolysis and heat treatment.52 This is important, since different
modifications of TiO2 have significantly different catalytic prop-
erties. For example, anatase is preferable in the selective catalytic
reduction of NOX. The thermal decomposition of Fe(NO3)3 on
surfaces modified with organic compounds, for example with
ethylene glycol, has also been investigated.53 As noted above,
ROE fragments are generated in such systems on heating.
Depending on the structure of the modifying agent, coatings
having the Fe2O3 composition with a spinel or corundum
structure are obtained.

The influence of the reaction conditions on the structure and
properties of TiO2 powders, obtained by the thermal decomposi-
tion of Ti(OPr')4 and TiO(acac)2 at 200-300 °C, has been
studied.54 Rutile was obtained from the latter in the presence of
ethylene glycol, whereas anatase with 5 sp = 200m 2 g- 1 was
produced in the presence of toluene, the specific surface not
diminishing on heating to 550 °C.

Mixed crystalline oxides with the perovskite structure are
active catalysts and promising carriers.55-56 The catalytic activ-
ities of a series of perovskites are comparable with those of noble
metals. The inclusion of noble metals in the perovskite lattice
increases the chemical and thermal stabilities of mixed catalysts
and prevents the volatilisation of the noble metals in the form of
oxides, for example, Ru2O3 or RUO3. The principal obstacle to the
wide-scale introduction of catalysts with the perovskite structure
is the high temperature of their synthesis (~900 °C). This greatly
hinders their preparation by the impregnation method. At the
same time, the solid-phase synthesis with subsequent dispersion
does not ensure the formation of a sufficiently large surface. Even
on an inert carrier such as MgAl2O4, only insignificant amounts of
a mixed perovskite are formed from a mixture of copper, cobalt,
and lanthanum nitrates. Their reaction with the support generates
mainly spinels.57 The optimum support for the synthesis of a
perovskite might be ZrO2, but, since this carrier is expensive and
has a low Ssp, it has not found a wide-scale application.

Low temperature methods of synthesis of perovskites at
reduced temperatures (400-700 °C) employing alkoxo-technol-
ogy have been developed in recent years.58"59 It is to be expected
that this will provide a fresh stimulus to the employment of
perovskites in heterogeneous catalysis. This is of particularly
great current interest for Russia, where chromium-containing
catalysts or catalysts based on noble metals are mainly used for
the purification of effluent gases.56- *° It is noteworthy that abroad
the manufacture of the former has been curtailed owing to the
high biological activity of chromium(VI) compounds 61 and that
of the latter has been reduced because of their high cost.

One of the most important advantages of alkoxo-technology
is the possibility of obtaining new crystalline and amorphous
phases, the synthesis of which by the traditional methods is
difficult or impossible. This is caused mainly by the need to carry
out the solid-phase synthesis at high temperatures,62 the forma-
tion of phases stable in the low-temperature region being impos-
sible under such conditions. Furthermore, in solid-phase synthesis
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it is extremely difficult to ensure the homogeneity of multicompo-
nent systems, particularly when small amounts of additives are
introduced. On the other hand, when alkoxo-technology is
employed, atomic (molecular) homogeneity is already attained at
the hydrolysis stage and heat treatment leads mainly to the
densification of the oxide skeleton. This results in a decrease in
the formation temperature of the crystalline phases and eliminates
the liquation phenomenon — heterogeneous separation in glass
melts (when amorphous oxides are obtained). Naturally, the
transition from the theoretical consideration of the possibility of
using alkoxo-technology to its practical implementation requires
much effort. Nevertheless, considerable advances have already
been achieved on these lines: barium titanates with the ratio
BaO: TiO2 = 1:2 and 1:5,63 previously regarded as metastable,
the previously unknown compound 5La2O3 • 2AI2O3,64 LiNbCb
films,65 and other materials have been obtained. Even though
there is as yet no information about the use in heterogeneous
catalysis of new crystalline compounds obtained with the aid of
alkoxo-technology, data concerning the application of new
amorphous materials (for example, in the manufacture of
SiO2-ZrO2 porous glasses with an increased ZrO2 content)25

are already available.

V. Preparation of coatings and thin films
Catalysts obtained by deposition from solutions of catalytically
active compounds onto a highly porous carrier with subsequent
heat treatment are usually employed in many catalytic reactions,
particularly in the external diffusion region. A carrier with a high
surface area (primary carrier), treated with solution or suspen-
sions, from which highly porous coatings (secondary carrier) are
obtained on heat treatment, is also used as a support. In such
cases, aqueous solutions of inorganic salts which can be decom-
posed by heat treatment (the cheapest and most readily available
compounds) are traditionally employed for the introduction of
catalytically active elements. However, the thermal decomposi-
tion of inorganic salts is usually accompanied by the evolution of
corrosive and toxic gases and in addition the nitrates most
frequently used are explosive. However, the main disadvantage
of this technology is the crystallisation of inorganic salts on
evaporation of water, which ultimately rules out the possibility
of obtaining a uniform coating (a 'patchy' oxide coating is
formed), reduced Ssp, and increases the consumption of catalyt-
ically active elements.

In multicomponent systems, the situation is aggravated by the
occurrence of separate (fractional) crystallisation, since the
probability of isomorphism or of the formation of complex salts
is low. As a result, heat treatment gives rise to the formation of a
microheterogeneous mixture of oxides, the homogenisation of
which with formation of a mixed crystalline oxide having the
specified structure requires an increased temperature and this
leads to sintering accompanied by a decrease in Ssp, the formation
of relatively inactive phases with participation of the carrier, and
the alteration of the component ratio.

The application of alkoxo-technology makes it possible to
overcome fairly readily these disadvantages of the traditional
technology. The principal advantages of alkoxo-technology are
ability of the products of the hydrolysis of alkoxides to form films
and the establishment of homogeneity in the hydrolysis stage. The
hydrolysis of alkoxides results in the formation of predominantly
linear or branched polymers as well as oxide or oxide hydroxide
particles of controllable size. The latter are produced either
immediately in the form of a sol or (after peptisation) in the form
of gels and powders.

Solutions of the hydrolysis products, deposited on supports by
immersion, impregnation, or sputtering methods, give rise to
uniform organic-inorganic coatings. After drying and moderate
heat treatment at temperatures of 400-800 GC, ensuring the
elimination of the organic component and the partial sintering of
the coatings with retention of their high porosity, such coatings

* < *
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Figure 2. The structure of oxide coatings formed from different hydrol-
ysed alkoxides.

are converted into oxide ones. Their structure is illustrated
conventionally in Fig. 2.

Type I coatings are characterised by a low open porosity and
have no special importance in catalysis, but they can be used as an
oxide binder, which sinters at a low temperature, for example in
the preparation of ceramic honeycomb carriers. Type II - IV oxide
coatings (films), which have a high open porosity and a large
contact surface, are used as carriers and catalysts. The structure of
the oxides formed from the alkoxide hydrolysis products obtained
under various conditions has been examined in detail.6*-67

For the deposition of coatings, one may use either liquid
alkoxides directly or solutions of liquid and solid alkoxides in
organic solvents with subsequent hydrolysis by atmospheric
moisture and/or heat treatment. However, this method has not
found extensive application, because it is fairly difficult to regulate
the structure of an oxide coating having an appreciable thickness
(>0.1 urn). It is more convenient to deposit monolayer and
multilayer coatings from dilute solutions of alkoxides. The
properties of such coatings, especially monolayer ones, differ
significantly from those of bulk-phase materials owing to their
anomalous structure (distortion of bond angles and changes in
bond lengths and in the electronic state of their atoms), which is
particularly important for catalysis. For example, Fe2C>3 in a
surface layer deposited from Fe(acac)3 on TiO2 has a lower
activity in the oxidation of CO than bulk-phase Fe2O3.68 This
can be explained by the fact that a monolayer coating of this kind
(obtained as a result of interaction with the support) is chemically
closer to iron silicate rather than to Fe2O3.

However, monolayer coatings exhibit much more frequently a
higher catalytic activity than multilayer ones. Thus the dehydra-
tion of ethanol to C2H4 on the Nb2Os/SiO2 monolayer catalyst
obtained from Nb(OEt)5 proceeds to an extent of 99%-100%,
whereas on the analogous impregnation catalyst considerable
amounts of Et2O are formed together with C2H4.69 The rate of
the esterification reaction between AcOH and EtOH on a
monolayer catalyst of this kind is 20 times greater than on
massive Nb2O5.70 When platinum or nickel is deposited on it, the
effect of the strong metal - carrier interaction is not manifested, in
contrast to the deposition of the same metals on 'pure' Nb2Os. The
dispersity of copper in the Cu/SiO2 monolayer catalyst obtained
by deposition from Cu(acac)2 solution does not change even after
10 oxidation-reduction cycles, whereas in a multilayer catalyst it is
lower immediately after preparation and falls to a particularly
large extent after five such cycles have been performed.71

The surface monolayers obtained by depositing Nb(OR)s or
its mixture with A1(OR)3 do not crystallise with formation of
Nb2O5 or aluminium niobates even after heating at 900 °C.72

V2O5 coatings, for the deposition of which one may employ
vanadium and vanadyl alkoxides73"80 or acetylacetonates,81"87

have acquired practical importance. They are used for the selective
catalytic reduction of NOX in effluent gases. Monolayer catalysts
containing 2 % - 4 % of V2O5 have activities in this reaction
comparable to those of catalysts obtained by impregnating the
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carrier with NH4VO3 solutions or deposited from V2(SO4)3
solutions containing 20%-24% of V2O5.86 Thus the activity of
the alkoxide catalyst referred to unit mass of V2O5 is almost ten
times greater than that of a traditional catalyst obtained from
inorganic precursors.

For low surface coverages of the SiC>2, T1O2, Nb2Os, AI2O3, or
ZrO2 carriers by V2O5 films obtained from VO(OR)3, vanadate
forms containing one terminal V—O bond and three VO—carrier
bridge bonds are formed on the surface.75 It has been suggested
that vanadium oxide catalysts for the reduction of NOX be
obtained by impregnating cellular carriers with solutions of
partly hydrolysed alkoxide-based mixtures, for example, a mix-
ture of Ti(OBu)4, VO(OBu)3, and WC16.

80

The method involving the chemical vapour-phase deposition
(CVPD) of the B(OEt)3, Si(OEt)4) P(OMe)3, and TiCOPr1)*
alkoxides has been used to obtain the B2O3/SiO2,

88-90

B2O3/A12O3)
91 SiO2/Al2O3>

92-9S TiO2/carrier,96 Si02/aluminosi-
licate,97 and BPO4/SiO2

98 catalysts. The supported catalysts
obtained from alkoxides by the CVPD method have a higher
activity: thus boron oxide is uniformly distributed on the carrier
surface even when its content is more than 30% (in the usual
impregnation deposition, large B2O3 crystals are formed in this
case).89"90 This promotes a high activity and selectivity
(95%-96%) of the catalyst in the rearrangement of cyclo-
hexanone oxime to caprolactam. The SiO^AbOs alkoxide cata-
lyst, which has a lower 5 sp than the industrial catalyst having a
similar composition (177 and 360 m 2 g ~ l respectively) has a
catalytic activity in the cracking of cresol comparable to that of
the latter. This is apparently associated with the fact that it
contains a larger number of acid centres.92 The fixation of the
first layer on deposition of SiC>2 formed from Si(OEt)4 on AI2O3
takes place as a result of the interaction between the HOA1 and
EtOSi groups with formation of Al—O—Si fragments. In a
nitrogen atmosphere, the residual EtO groups do not decom-
pose, whilst in the presence of oxygen they are oxidised with
formation of acetaldehyde and the regeneration of OH groups.93

The formation of catalytic oxide coatings from alkoxides by
the CVPD method has also been investigated in other stud-
ies.99"108 Silicon dioxide, obtained from Si(OEt)4, covers only
the outer surface of zeolites. This alters the dimensions of the inlet
pores with retention of the inner structure of the zeolites and
increases sharply the selectivity of the latter in relation to the
volume of the reacting molecules, which is indicated, for example,
by the results of a study of the cracking of octane isomers.101

Coatings in the form of SiC>2, deposited from the vapour phase,
exhibit a higher chemical reactivity even on an inert carrier such as
Z1O2. At 550 °C, they partially coalesce with formation of clusters
and partly dissolve in the carrier.107

The method involving the deposition of coatings by treating
the carrier with an alkoxide under thermal decomposition condi-
tions is close to CVPD. The SiCVAhOs catalyst has been obtained
by this procedure.109 It is assumed that the deposition takes place
via the interaction of the EtO groups in Si(OEt)4 with Lewis acid
centres on the AI2O3 surface. However, this explanation cannot be
extended to the formation of the second and subsequent layers
(the overall increment in the mass of SiO2 reaches 20%).

A comparative study of several Pd/Al2O3 impregnation
catalysts showed110 that highly disperse palladium particles are
formed from PdCk and Pd(acac)2. On reduction, they are
converted into a finely disperse metallic phase, whereas the
decomposition of Pd(NO3)2 leads to the formation of large
particles.

Aluminium, tantalum, and titanium alkoxides have been used
for the modification of the surfaces of porous carriers before
deposition of catalytically active metals on the latter.' • • ~' '3 For a
comparatively slight increase in the specific surface of the speci-
mens (for example, from 100 m2 g~' for the initial y-Al2O3 to
120 m2 g"1 for the modified oxide), this made it possible to
increase sharply their activity and to obtain effective catalysts for
a series of reactions. Thus the degree of conversion of carbon

monoxide into methane on a modified RU/AI2O3/Y-AI2O3 catalyst
was 99% for selectivity of 100%, whereas on the usual
R.U/Y-AI2O3 catalyst it was 62% with a selectivity of 99%. A
similar approach has been used to obtain active Pd/TiO2/spherical
glass bead hydrogenation catalysts114> l15 and for the deposition
of AI2O3 coatings on highly porous SiO2 carriers.116 It is
important to note that this procedure makes it possible to attain
a significant catalytic effect for a low consumption of alkoxides.

A modified copper/zeolite catalyst, obtained by ion exchange
followed by treatment in a Ti(OMe)4 solution, has been developed
for the catalytic conversion of moist exhaust gases.117 Different
additives have different effects on the modification of Y-AI2O3
(5sp = 13.7 m2 g-1) with T^OPr1^ or Si(OEt)4 solutions in
hexane.118 Best coatings with Ssp up to 29.4 m2 g"1 are formed
in the presence of EtOH, PrOH, and Pr'OH, whereas added
surfactants exhibit a negative effect.

A process involving the fixation on honeycomb ceramic
carriers of secondary Y-AI2O3 carriers, formed from sols obtained
by the hydrolysis of A1(OR)3 and the peptisation of the gels
produced, has been patented.119 A disadvantage of the traditional
technology for the fixation of secondary carriers from suspension
is the accumulation of Y-AI2O3 particles in corners of the channels
within the honeycomb carrier, which reduces the effectiveness of
the catalyst and increases its aerodynamic resistance. The pro-
posed method is free from this disadvantage. In addition, 14.7%
of AI2O3, and not 33% as in the formation of a suspension
coating, is sufficient for the attainment of Ssp = 25-30 m2 g-1 .

A process has been developed for the deposition of alumina
coatings on barium aluminate.120 A catalyst obtained from
platinum salts and a mixture of Ti(OEt)4 and Al(OPr')3 has been
designed for use in automobile converters. The mixture of
alkoxides is subjected to joint hydrolysis, deposited on a honey-
comb carrier, dried, and maintained at 500 °C. The degree of
conversion of CO on this catalyst reaches 94% at 250 °C and falls
to 81 % after being used for 1000 h at 800 °C (for the usual
catalyst, the corresponding conversions are 88% and 75%).121

VI. The use of alkoxides for the preparation of
carriers and catalysts
In studies6-41-122"144 on the use of alkoxides for the preparation
of carriers and catalysts and of their physicochemical and catalytic
properties, attention was concentrated on the chemical mixing
method. It has been shown for mixtures of silicon and aluminium
alkoxides with aluminium, ruthenium, and copper chlorides that
the process should consist of four stages:

(1) the formation of complexes of the alkoxides and chlorides
with organic polydentate ligands;

(2) hydrolysis with formation of a sol and gel;
(3) drying and dispersion;
(4) sintering and reduction in a stream of hydrogen (when

copper and ruthenium salts are used).
The introduction of polydentate ligands such as aliphatic diols

and low-molecular-mass polyethers makes it possible to monitor
the course of the hydrolysis and polycondensation (by virtue of
their coordination to the RO groups of the alkoxides or their
substitution, the ligands lowering the rates of these reactions),
ensures the binding of the metal ions to the elementoxane chains,
and regulates the shape and size of the pores as well as 5sp. Thus, in
the hydrolysis of A1(OR)3 in the presence of the polyether
Me(OCH2CH2)nOMe, micropores with an average diameter of
10 nm predominated in the Y-AI2O3 obtained for n = 2, whereas
for n = 3 or 4 a wide size distribution of the pores was observed
(from 10 to more than 100 nm).132 In the joint hydrolysis of
Si(OR)4 and A1(OR)3 in the presence of ethylene glycol,
2-methylpentane-l,2-diol, or hexane-1,6-diol, aluminosiiicates
(3.3% of AI2O3) with an average pore diameter of 0.55-0.65 nm
were obtained.140 The structure of the diol introduced has a
decisive influence on the specific surfaces of such aluminosiiicates
(Table 1).
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Table 1. The influence of the nature of the ligand on the specific surfaces of
the 3.3% Al2O3-SiC>2 carriers obtained from alkoxides by the chemical
mixing method.141

Ligand Ssp/m2 g~l

Ethane-l,2-diol
Propane-1,2-diol
Butane-2,3-diol
2-Methylpropane-1,2-diol
Butane-1,2-diol
Pinacol
Pentane-1,2-diol
Propane-l,3-diol
Butane-1,3-diol
2-Methylbutane-l ,3-diol
2-Methylpentane-2,4-diol
Butane-1,4-diol
Pentane-1,5-diol
Hexane-l,6-diol
Decane-l,10-diol
Dodecane-l,12-diol

399
170
179
308
315
319
483
210
222
545
486

5
365
595
734
637

The homogeneities in the distribution of the components were
compared on TiC^-A^C^ specimens synthesised in different
ways: by sintering TiC^ and AI2O3 powders, by precipitating
mixtures of oxide hydroxides from aqueous solutions of salts with
ammonia or urea, and by chemical mixing.140

In the last case, the crystallisation of TiO2 was not noted after
heating for 5 h at 550 °C. The specimen remained X-ray-amor-
phous, which confirmed the high degree of homogeneity attain-
able when the chemical mixing method is employed. In a number
of instances, this is of practical importance.

The catalysts synthesised were tested in reactions involving the
partial hydrogenation of benzene, the alkylation of naphthalene,
and the conversion of methanol. Data on the partial hydro-
genation of benzene to cyclohexene on the Ru-SiC>2 and Ru —
AI2O3 catalyst obtained by the chemical mixing method and on
impregnation catalysts employed for comparison are presented in
Table 2.

Chemical mixing was used also in the study of the influence of
added metal oxides (10%) on the Ssp of alumina.41 The introduc-
tion of SrO, BaO, La2C>3, and ZrC>2 suppressed the sintering of
AI2O3 in the range 1000-1200 °C. After heating the BaO-AI2O3
mixture for 100 h at 1000 °C, a high specific surface of alumina

Table 2. Partial hydrogenation of benzene to cyclohexene on different
ruthenium catalysts.134

Method of
preparation

Chemical
mixing
(TEOS-AICI3)

Impregnation

Ligand

ethylene
glycol

ethylene
glycol
pinacol

hexylene
glycol

Catalyst
composition

2%Ru-SiO2

(2%Ru + 0.2%Cu)
SiO2

(2%Ru + 0.2%Cu)
SiO2

(2%Ru + 0.2%Cu)
AI2O3
2%Ru-SiO2

2%Ru-Al2O3

Conversion
ofbenzene
(%)

86.8

83.3

42.7

53.1

64.3
54.5

Note. Reaction temperature 453 K,H2 pressure 7 MPa.benzeni
1.6:1.

Yield
of cyclo-
hexene
(mol %)

27.0

31.4

14.2

24.5

8.6
5.3

;: water =

(139 m2g~1) was retained, whilst after heating for 3 ha t 1200 °C
Sv diminished to 96 m2 g->. The addition of CaO, MgO, and
CeO2 accelerated the sintering and reduced the S,p of alumina.

The chemical mixing method was also applied in other
studies.145"151 It was shown in relation to the selective reduction
of NO* that mixed V2O5-TiO2 catalysts exhibit an enhanced
catalytic activity compared with impregnation catalysts.149

The average rhodium particle size in the Rh/SiCh catalyst
synthesised using the Rh(NO3)3-Si(OEt)4-HOC2H4OH systems
increased from 1 to 5.6 nm with increase in the rhodium content
from 0.34% to 6.89%. The activity of this catalyst in the PrOH
decomposition reaction increased sharply for particle sizes of
1 -2nm, when the fraction of metal atoms at the corners and on
the edges of microcrystallites was a maximum.151 A similar
dependence of the selectivity in the hydrogenation of propional-
dehyde on the nickel particle size has been observed on the
Ni/SiC>2 catalyst, in which the metal particle size increased from
4 to 12 nm with increase in the nickel content from 2% to 26%.'50

It was shown by IR spectroscopy that the metal particles are
retained on the support as a result of the formation of the
N i - O - S i linkage. The cobalt particle size in the Co/TiC>2
catalyst increased from 10 to 40 nm with increase in the reduction
temperature to 600 °C, but at ~ 700 °C, where the anatase - ratile
transition takes place, it again decreased to 10-15 nm.147 The
redispersion effect, characteristic solely of catalysts obtained by
chemical mixing but not of impregnation catalysts, is apparently
due to a strong metal-carrier interaction.

Catalyst powders obtained as a result of the operation of the
reaction chain alkoxide -»xerogel -* powder (Fig. 1, operations I
and VII modified by the introduction of inorganic salts and
ligands) were considered above. In industry, powders are rarely
employed as the finished form of the catalysts, serving mainly as
the starting material for the preparation of various bulk-phase
catalysts.

Boehmite (A1OOH) powders synthesised via alkoxides have
found the greatest practical application.116 Previously they were
obtained as side products in the synthesis of higher alcohols by the
Ziegler method, but subsequently a number of companies, for
example Conoco and Vista,152 set up a special industrial process.
The alkoxide obtained by the reaction of metallic aluminium with
an alcohol was hydrolysed, after which boehmite was separated
and dried, while the alcohol was regenerated. The process has
satisfactory ecological characteristics and the powders synthesised
have a high purity and dispersity. They can be readily made to
undergo a transition to the sol state by adding water and small
amount of acid (in certain cases the addition of acid is not
required). The employment of such powders for the deposition
of secondary Y-AI2O3 coatings on honeycomb carriers made it
possible to create Pt/Y-AlzCh/honeycomb carrier catalysts, which,
whilst having the same activity as the industrial analogues, contain
10 times less platinum.153

The AI2O3,154-158 SiOz-TiOz,159161 TiOz,162"166 SiO2-
A12O3,

167-168 TiO2-ZrO2,169 SiO2,
28 V2O5-AI2O3,170 etc. cata-

lytic powders have been obtained with the aid of alkoxo-
technology. By selecting the method of synthesis and the reaction
conditions, it is possible to regulate Ssp and the size and volume of
the pores. For example, in the thermolysis of A1(OR)3 solutions in
secondary and tertiary alcohols, where water is generated in situ as
a result of the thermal degradation of the alcohols, Y-AI2O3
powders with Ssp » 500 m2 g~' are produced.158 Gels were
obtained by preliminary partial hydrolysis of Si(OR)4 in the
Si(OR)4-Ti(OR)4 system and were then dried, comminuted,
impregnated with chromium salts, and sintered.159 The uniform
distribution of the components promoted an increase in the
thermal stability of the resulting 1% Cr/SiO2-TiO2 catalytic
powders; after heat treatment for 3 h at 850 °C, their specific
surface was 404 m2 g"1 with a porosity of 2.19 cm2 g"1 .
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By virtue of the high specific surface of alkoxide powders, they
may be pelleted without a binder.171 A powder catalyst of the
Fisher-Tropsch process has been obtained by the joint hydrolysis
of Ti(OPri)4 and Zr(OPr!)4 in the presence of Fe(OAc)3.

169

A spherical shape of the catalytic powder particles is preferred,
since this diminishes wear due to abrasion. Porous microspheres
1-100 um in diameter and with pore dimensions of 10-40 nm
were obtained by heating the products of the hydrolysis of
Si(OR)4 at Ti(OR)4 at 400-900 °C.172 Microspheres having the
composition 3% Y2C>3-ZrO2 with an average diameter of
40-50 um are formed when products of the joint hydrolysis of
the corresponding alkoxides are mixed with alkyl phthalates, the
mixture being subsequently forced through a draw plate into high-
boiling organic liquids.173 The formation of an emulsion in the
region of immiscibility of the alkoxide-ethanol-water ternary
system was used to obtain SiC^-TiCh powders having spherical
particles with Ssp < 375 m2 g~' and a controllable diameter from
0.05 um to 1 mm.161 Alkoxide TiO2 and AbC^-TiC^ micro-
sphere powders, activated by the addition of V2O5 and CuO, have
found a practical application in the purification of the effluent
gases from various industries, while TiC«2 microsphere powders
are used in the photochemical decomposition of organic com-
pounds in waste waters.174-175

Stable TiC>2 or ZrC>2 spherical particle powders, designed for
use as carriers and catalysts, with an average diameter of
1-100 um, pore dimensions of 1-500 nm, and a porosity of
0.1 - 1 cm3 g~' have been obtained by the hydrolysis of alkoxides,
spray drying of the resulting sols, and heat treatment at 500 °C.176

The TiC>2 spherical particle powder for the promotion of photo-
chemical reactions has been synthesised by the hydrolysis of
Ti(OR)4 in the presence of HC1.177 SiO2-Al2O3 microspheres
have been obtained similarly.167

Porous spherical particle powders may be obtained also
without the use of alkoxides, but in most cases the alkoxide
procedure is preferred. For example, a high quality SiC«2 micro-
sphere powder with Ssp up to 300 m2 g"1 and a porosity of
1.3 cm2 g~' is obtained by the Vycor process.178 In terms of
resistance to wear, this powder is superior to alkoxide powders.
However, the Vycor process consumes a large amount of energy,
takes a long time, and, what is most important, is designed mainly
for the preparation of high-silica microspheres, whereas alkoxo-
technology has virtually unlimited possibilities for the selection of
components.

SiO2-Al2O3,179-180 SiO2-ZrO2 ,181-183 SiO2-TiO2,184

SiO2,185 ZrO2,186 and SiO2-B2O3
187 xerogels have been

obtained for use in heterogeneous catalysis. Studies187"192 on
the joint hydrolysis of Si(OR)4 and Zr(OR)4 are of great interest.
These investigations have served as a basis for the establishment of
the industrial manufacture of highly porous glasses with an
increased thermal stability and resistance to alkalies.25 Thus
30% ZrO2-SiO2 glasses have specific surfaces of 392, 350, 250,
and 119 m2 g - 1 at 300, 500, 800 and 900 °C respectively and lose
their porosity completely as a result of sintering only on attain-
ment of 950 °C. After heat treatment at 800 °C, Ti(OBu)4 xerogels
contained 30% of anatase and 70% of rutile; when 5% of Cr2O3

was introduced with the aid of Cr(acac)3, the anatase content
increased to 90%.193 The addition of different amounts of
R4N+ -OH~ to a mixture of silicon and aluminium alkoxides
made it possible to obtain porous aluminosilicates with a molar
ratio SiO2:Al2O3 from 30:1 to 500:1 ,5^ = 50-1000 m2 g-1 , a
porosity of 0.3-0.6 cm2 g~ !, and a pore diameter of 1 nm. They
contained no pores with diameters > 3 nm.168 In order to regulate
porosity, it has been suggested that a proportion of 0.03 -0.4 of an
organic polymer relative to the alkoxide be introduced: on
formation of a gel, the latter is segregated as a separate phase,
which ensures, after burning it off and sintering, the creation of a
highly porous oxide structure.179

The anomalously high porosities and specific surfaces of
alkoxide aerogels are especially valuable in heterogeneous catal-
ysis.194"207 Thus the Fe2O3-SiO2(Al2O3) aerogel catalysts

obtained from Si(OMe)4 or Al(OBu>3 and Fe(acac)3 are more
active in the Fischer-Tropsch reaction by 2 - 3 orders of magni-
tude than the usual iron-containing catalysts and, what is no less
important, do not become saturated with coke, in contrast to the
latter.196 Catalysts with 5 sp = 20-700 m2 g-", a porosity of
1.5-12 cm3 g - 1 , and an apparent density of 0.003-0.5 g cm~3

have been obtained by the joint hydrolysis of Al(OBus)3 and
Pd(OAc)2 [or Ni(OAc)2]. They are distinguished by a uniform
distribution of the components and the absence of clusters. They
are designed for the reduction of nitro-compounds and hydro-
desulfurisation.195 The traditional catalysts based on tin and
antimony or molybdenum and bismuth oxides are incapable of
accelerating the synthesis of nitrites from unsaturated hydro-
carbons and NO, whereas the Ni-Al2O3 (SiC>2) aerogel catalyst
is highly active and selective in this reaction.201-202

The y-Al2O3-based porous ceramic obtained via an aerogel is
used as a carrier, retaining Ssp = 72 m2 g~' after heating for 5 h
at 1200 °C.208 Alkoxo-technology is formally not used in the
synthesis of aerogel from Cr2O3,

205 but since CrO3 and MeOH are
used as the starting compounds, it follows that in this process too
there is a possibility of the generation and subsequent decomposi-
tion of chromium(III) and chromium(TV) methoxides because
instances of the formation of alkoxides from CrO3 and alcohols
are known.209 Products analogous to aerogels are formed in the
glycothermal synthesis, which involves the treatment of a mixture
of Al(OPr')3 with glycols in an autoclave at 300 °C for 2 h and
subsequent heat treatment at ~ 600 °C.157 The dominant pore
diameters in the y-AI2O3 obtained using ethylene glycol, propane-
1,3-diol and butane-1,4-diol were respectively 7, 16, and 70 nm,
while Ssp varied from 184 to 354 m2 g~'. Y-AI2O3 modified by the
addition of SiO2 in order to increase its thermal stability has been
synthesised by a similar method.210

Catalysts with a honeycomb structure, which exhibit low
aerodynamic and hydrodynamic resistances and make it possible
to perform catalytic processes in liquids and gaseous media in the
presence of heterogeneous admixtures, have come to be widely
used abroad during recent years. A porous ceramic with a
cordierite (2MgO • 2AI2O3 • 5SiO2) composition, a low coefficient
of thermal expansion, and a resistance to temperature gradients is
most often employed as a carrier for honeycomb catalysts. The
Corning Company, which has devoted a considerable amount of
attention to alkoxo-technology,37-39-213"218 is the pioneer and
recognised leader in the development and introduction of ceramic
honeycomb carriers.211-212 For example, it developed a new type
of monolithic honeycomb catalysts with porous catalytic coatings,
which are not on the walls (washcoat), as in the traditional
catalyst, but within them (washcoat-in-the-wall), which reduces
the consumption of expensive metals per unit volume of the
catalyst and improves its operating characteristics.217 It may be
postulated that alkoxo-technology has found an application in the
manufacture of a new honeycomb catalyst with an increased
operating lifetime.219

A cordierite ceramic has been obtained in Japan with the aid
of alkoxo-technology.220"222 For this purpose, a mixture of ethyl
silicates with magnesium and aluminium salts was spray pyro-
lysed, which resulted in the formation of porous cordierite micro-
sphere powders, which were heat-treated in the temperature range
950-1450 °C. The resulting ceramic has a high porosity
(48%-92%) and is promising material for honeycomb carriers.
The purity of the alkoxide cordierite powders is important, since
impurities significantly increase the coefficient of thermal expan-
sion of cordierite212 and reduce the heat resistance of the finished
product.

In Russia, the large-scale industrial manufacture of ceramic
cordierite carriers has not been initiated (mainly owing to the
difficulties arising during heat treatment, associated with
achieving a compatible combination of the stages involving the
synthesis of cordierite and sintering within a narrow process
temperature range). Carriers based on glass or polycrystalline
fibres (paper, cardboard, fabric, etc.) may serve as an alternative.
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The deposition of porous coatings on these materials from
aqueous solutions of inorganic salts is difficult because such
solutions have no film-forming properties and when they are
dried crystallisation takes place. The employment of alkoxides
and the products of their hydrolysis makes it possible to overcome
these difficulties easily. For example, the carrier and the catalyst
may be obtained by impregnating various fabrics having specified
mesh dimensions with suspensions based on aqueous alcoholic
solutions and silicon, aluminium, and/or titanium alkoxides and
oxide powders of the same elements.223

A convenient procedure for the creation of a heat-resistant
fibrous oxide structure is the method involving the burning away
of a matrix. A fibrous organic material is impregnated with a
hydrolysed solution of an alkoxide (in one step or with periodic
intermediate drying) and is heat-treated under conditions ensur-
ing the burning away of the organic matrix and the sintering of the
oxide coating generated.224"226 It has been suggested that heat-
resistant highly porous carriers be obtained by the cyclic impreg-
nation of foam-carbon articles with a chelated alkoxide and
intervening heat treatment.227

Elements of alkoxo-technology and ion exchange have been
used in a novel method of preparation of catalysts.228-229 Accord-
ing to this method, soluble substitution products are obtained
initially by the interaction of titanium, zirconium, or tantalum
alkoxides with a methanol solution of NaOH, this being followed
by hydrolysis and ion exchange with nickel, palladium, or
molybdenum salts.

Ti(OPr)4

fr

memo]
+ NaOH

• (NaTbOsH)*

noi
- -»•

Ni2

soluble acetone, water
products

• [Ni(Ti2O5H)2]x.

The catalysts synthesised have a high specific surface
(150-300 m2 g-1) and an increased catalytic activity: for a 1%
content of the catalytically active metal, they are just as effective in
the liquefaction of coal as industrial catalysts with a 15% content
of this metal.

Interesting procedures for the employment of alkoxo-technol-
ogy in the preparation of phosphorus vanadium oxide catalysts
for the synthesis of maleic anhydride by the selective oxidation of
C4 hydrocarbons have been proposed. Here the alkoxide
VO(OR)3 may be used as one of the starting compounds in the
synthesis of the catalyst,230 vanadium(IV) and vanadium(III)
alkoxides may be formed and segregated in one of the technolog-
ical stages,231 and, finally, the alkoxides may be formed in situ
from V2O5 and ROH and react with H3PO4.232-234 The use of
alkoxides has a dual purpose. Firstly, they are the most convenient
vanadium compounds suitable for interaction with H3PO4
(vanadates or vanadium chlorides are unsuitable for this purpose
and the synthesis of vanadium catalysts from a mixture of V2O5
powders with P2O5 or H3PO4 is also impossible). Secondly,
alcohols reduce vanadium(V) to vanadium(III) and vana-
dium(TV), which promotes the attainment of a high activity and
selectivity. Another alkoxide, Si(OEt)4, is also used in these
synthesis, its role consisting mainly in the binding of the water
evolved, which facilitates the formation of a cryptocrystalline
catalytic powder.

V2O5 + 2H3PO4 + RCH2OH—»•

—•(VO)2H4P2O9 + RC(O)H + 2H2O,

Si(OEt)4 + 4H2O—*-Si(OH)4 + 4EtOH .

Large foreign companies, for example Union Carbide, Mobil
Oil, Chevron, etc., have devoted much attention during the last
decade to the use of alkoxides for the preparation of synthetic
molecular sieves having the compositions (Si*Al,Pz)O2,235>236

( M ^ A y y O z C v I = Mg,Fe,orTi),237-240(TixAl>Siz)O2,241-243

AI2O3-P2O5,244 etc.,245"248 which is associated with increased

reactivity of the oxides and oxide hydroxides formed on hydrolysis
of alkoxides. The use of Ti(OR)4 and of its modified analogues,
formed when a proportion of the RO groups are replaced by
chelating groups, made it possible to achieve the homogeneous
insertion of TiO2 into the aluminosilicate framework, which could
not be achieved when other titanium compounds were
employed.243 The molecular sieves were synthesised by the hydro-
thermal treatment of a mixture of compounds of the correspond-
ing elements, at least one of which is an alkoxide or a product of its
hydrolysis, in the presence of an organic structure-forming agent
(alkylamine, pyridine, tetraalkylammonium hydroxide) with sub-
sequent heat treatment in air at 200-700 °C for the complete or
partial removal of the structure-forming agent. For example,
SAPO-11 aluminosilicon phosphate molecular sieves have been
obtained in this way and the 0.5% Pd/SAPO-11 catalyst was
prepared from them. The yield of neutral distillates in hydro-
cracking on this catalyst reaches 75.4%, whereas in the presence of
the traditional catalyst having a similar composition it is
64.7%.235 Evidently in the presence of this effect the question of
the increased cost of the precursor alkoxide does not arise. An
unusual method of synthesis of molecular sieves has been
proposed249 in which Si(OR)4 serves as the cross-linking agent
for alkali metal silicates, titanates, and mixed titanates swollen in
the reaction medium.

Many specialists in the field of catalysts manufacture believe
(see, for example, Ref. 250) that the main problem nowadays is
the creation of carriers with a definite set of characteristics
ensuring their functioning under specified conditions rather than
the choice of catalytically active elements and their introduction
into the catalyst. For example, the widely used Y-AI2O3 carriers
disintegrate when acted upon by the acid reagents (HC1, SO3)
present in contaminated air or formed during its purification. The
replacement of Y-A12O3 by SiC>2, TiO2, ZrO2, and their mixtures is
the most promising procedure. The choice of inorganic precursors
for such carriers is limited and their application does not ensure
the attainment of a high porosity and Ssp and gives rise to
significant ecological problems.

These deficiencies are overcome when alkoxides are
employed. Thus, among the available TiO2 precursors, Ti(OR)4

is most preferred. It is employed for the preparation of an aqueous
TiC>2 sol (a catalyst of photochemical reactions),251 microspheres
or fibres,252 powders,253 extruded materials,254 carriers with
effective ion-exchange properties [for this purpose, Ti(OR)4 is
hydrolysed in the presence of NaOH or KOH],166 and also as an
organic binder with catalytic properties.255 In most cases, such
materials possess a high catalytic activity. For example, the
catalysts obtained by depositing the active component on alkox-
ide-derived TiO2 powder are more effective in the reduction of
NOX than those obtained by deposition on powdered aerosil,
rutile, anatase, or rutile-anatase mixtures.253

The authors of the present review initiated comprehensive
studies on the chemical foundations of alkoxo-technology and its
application in heterogeneous catalysis.256"259 A method for the
joint hydrolysis of two and more alkoxides, ensuring the forma-
tion of a large number of mixed elementoxane bonds and
affording significant practical advantages (the consumption of
organic solvents is reduced, the effectiveness of the process is
increased, and the use of inorganic acids and expensive chelating
agents is eliminated) has been developed. A method of synthesis of
vanadium-containing alkoxide joint hydrolysis products, envisag-
ing the replacement of the usually employed scarce and expensive
vanadium alkoxides as precursors by V2O5 powder, which is
heated jointly with E(OR)B (E = Si, Ti, Zr, P, Al) and ROH, has
been proposed.The synthesis of oligomeric products by heating
one or several metal acetates with high-boiling di- and tri-hydroxy
organic compounds has been achieved. This procedure is free
from the disadvantages associated with the use of mixtures of
acetates (fractional crystallisation, low solubility in water, lack of
film-forming properties). Furthermore, the application of the self-
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propagating high temperature synthesis weakens significantly the
interaction of the deposited catalytic coating with the carrier.

It has been suggested that the heat resistance of the alumino-
silicate carrier obtained from A1(OR)3 and Si(OH)4 be increased
by introducing 0.5% of La2O3.260 For the ratio A12O3: SiO2 =
99.5:0.5, the specific surfaces after heat treatment at 550 °C (3 h)
and 1100 °C (24 h) are 242 and 42 m2 g~' in the absence of La2O3

and 245 and 72 m2 g"1 respectively in its presence. This process
has been patented by the Conoco Company on Russian territory.

In recent years, comprehensive studies on the use of alkoxo-
technology in heterogeneous catalysis have been initiated in
Mexico. Carriers and catalysts with the composition
Pt-Sn/Al2O3 [produced by the joint hydrolysis of Al(OBu)3 and
SnBm],261 Ru-SiO2(Al2O3),262 SiO2-Al2O3,263 A12O3,

180-264

and Pt(Pd)/SiO2
 265 have been obtained.

VII. Achievements of alkoxo-technology in the
manufacture of materials structurally similar to
carriers and catalysts
The oxide materials obtained with the aid of alkoxo-technology
may be employed in a wide variety of fields. For example,
SiO2-TiO2 coatings possess simultaneously catalytic, light
reflecting, abrasion-resistant, and electrically insulating proper-
ties. The procedures for the preparation of alkoxide materials,
developed for use in a specific field, may be employed also in other
fields, naturally taking into account the specific requirements as
regards some of their properties. It is therefore of interest to
examine also the advances of alkoxo-technology in the manufac-
ture of oxide materials structurally similar to carriers and catalysts
but having a different functional purpose.

High-temperature superconducting ceramics occupy a special
place among such 'related' materials. The main task of alkoxo-
technology in this field is the low-temperature synthesis of thin
layer multicomponent oxide coatings with a perovskite structure
on different supports. The same problem is also faced by
heterogeneous catalysis. The fact that many perovskites used
nowadays as high-temperature superconductors possess also
catalytic properties brings these two aspects even closer together.
For example, the high temperature superconducting YBa2Cu3O7
perovskite actively catalyses the oxidation of CO and hydro-
carbons.266

The low-temperature synthesis of perovskites with the aim of
obtaining coatings makes it possible to diminish their chemical
interaction with the support and helps to overcome the negative
phenomena associated with this factor. During several years of
studies (the high-temperature superconductivity of oxide ceramics
was not discovered until 1986),267 it has been possible to develop
with the aid of alkoxo-technology procedures for the synthesis of
superconducting perovskites at temperatures of about 400 °C268

or 650-700 °C,269 whereas the traditional synthesis requires
heating above 950 °C. Evidently further advances of alkoxo-
technology in the preparation of high-temperature superconduct-
ing ceramics still remain in the future. The task of specialists in
catalysis is a critical analysis and purposeful employment of these
developments.

The principal difference in the requirements which must be
met by the oxide materials used as superconductors and catalysts
(carriers) concerns the size and distribution of pores. Super-
conductors and catalysts must have respectively minimum and
maximum porosities. In this respect, specialists in catalysis are in
the best position, since, owing to the high content of the organic
component in the initial mixture and the sharp increase in density
on passing from organometallic to inorganic oxide materials, it is
much simpler to obtain porous coatings from alkoxides than
dense nonporous ones.

Another field close to heterogeneous catalysis is the electro-
nics industry, where the employment of alkoxo-technology for the
synthesis of powders with the aim of depositing coatings has been
vigorously investigated and introduced.270 For example, NiFe2O4
powders with Sv = 221 m2 g - 1 have been obtained from alk-
oxides.271 Evidently these and similar powders can be used also as
catalysts for a series of reactions. A review on the preparation of
powders for electronics, including their preparation with the aid of
alkoxo-technology, has been published.272

There are no fundamental differences in the structures of the
porous oxide coatings used in ultrafiltration or membrane
separation and in catalysis. The principal difference concerns the
form of the primary carrier and the operating conditions. The
employment of alkoxides in the technology for the manufacture of
inorganic (ceramic) membranes is the most promising method,
since it ensures the possibility of a fine regulation of the pore
dimensions within wide limits.273-274 Like high-temperature catal-
ysis, the filtration of hot gases or the purification of liquids with
subsequent burning away of organic impurities gives rise to the
problem of increasing the heat resistance, which is solved, for
example, by synthesising aluminate-based membranes by means
of alkoxo-technology.44 Filtering coatings based on y-Al2O3 and
the products of its hydrolysis are most often employed.275"278

TiO2-SiO2 membranes with an average pore size of 4 nm and
Ssp = 324 m2 g~' have been obtained from the products of the
joint hydrolysis of alkoxides.279 Aluminosilicate membranes, the
specific surfaces of which were 217,384,456, and 472 m2 g~' with
pore radii of 2.21, 2.15, 2.15, and 1.72 nm for the ratios
Al2O3:SiO2 = 5.6:1, 4.4:1, 4.2:1, and 1.5:1 respectively have
been obtained by the separate hydrolysis of Si(OMe)4 and
Al(OBus)3 with formation of sols and subsequent mixing and
heat treatment.280 It has been recommended that these mem-
branes be used also in heterogeneous catalysis.

Separating ZrO2 layers are used in catalysts with metallic
carriers, which are employed in the high-temperature purification
of gases, for improving the resistance of the metal to oxidation and
for increasing the adhesion of the metal to the porous y-Al2O3

carrier.281 Such layers, 0.1 um thick and obtained from Zr(acac)4,
retained their continuity and did not peel off on heating to
1000 °C.282

Oxide coatings synthesised from various alkoxides and their
mixtures prevent the high-temperature oxidation of metals.283"286

They also prevent chemical corrosion and increase the resistance
of materials to abrasion. The chemical compositions of the
coatings (SiO2, TiO2, A12O3, ZrO2) suggest their possible use in
catalysis not only for the creation of separating layers but also
directly as acid - base catalysts or carriers. Here one must take into
account the difference between the requirements as regards the
porosities of protective and catalytic coatings. Special procedures
and methods are used to increase the porosity, for example,
additives which are burnt off with formation of pores are
introduced.

In systems for the catalytic purification of exhaust gases in
automobile transport, oxygen sensors prepared from Zr(OR)4 and
ZrO2 powder are employed.287 After their deposition on a suitable
support and the introduction of catalytically active metals, such
materials may also function as high-temperature catalysts, for
example, in the same systems for the purification of exhaust gases.

It is believed 288 that alkoxo-technology will play an important
role in the creation of sensors in the future.

One of the most significant advances in modern ceramic
technology is the use of the products of the hydrolysis of
alkoxides as binders in the preparation of bulky ceramic mate-
rials.289 Such binders make it possible to reduce or to eliminate
completely the cracking occurring during moulding, drying, and
heat treatment (sintering) of the ceramic, improving its strength.
This approach has a great future in the manufacture of porous
ceramic glass and composite materials,290-291 which may be
employed also as carriers for heterogeneous catalysts.
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Conclusion
The alkoxides of various chemical elements (as precursors of
oxides) have come to be widely used nowadays for the preparation
of heterogeneous catalysts and carriers. Large chemical compa-
nies of the USA and Japan have shown special interest in alkoxo-
technology. Although a considerable proportion of the publica-
tions in this field are in the nature of advertisements and many
details of the process are not specified, nevertheless there have
evidently been significant advances associated principally with the
creation of catalytic materials having a high specific surface and
porosity and a controllable pore size. The use of alkoxo-technol-
ogy also makes it possible to obtain heat-resistant carriers and
catalysts with a high activity and selectivity combined with a
reduced (by an order of magnitude and more) consumption of
catalytically active elements. A series of alkoxide catalysts possess
unique properties which traditional catalysts lack. The ecological
cleanliness of the process involving the preparation of catalysts
and carriers by the alkoxo-technological method is very impor-
tant.

At the same time, the use of alkoxo-technology in heteroge-
neous catalysis is still at the development stage. Among the
numerous possibilities provided by alkoxo-technology, only a
small proportion have been realised. For example, possibilities
for the low-temperature synthesis of known and especially new
crystalline and amorphous compounds are only beginning to be
realised. Alkoxo-technology is also used in the preparation of a
series of oxide materials structurally similar to catalytic sub-
stances but having a different functional purpose. The
approaches to the appropriate modifications developed in this
connection may be used also in the technology for the manufac-
ture of heterogeneous catalysts and carriers.

In Russia and the Commonwealth of Independent States,
adequate attention has not so far been devoted to the application
of alkoxo-technology in heterogeneous catalysis. At the same
time, some investigations have led to the development of a series of
approaches (for example, the synthesis of catalysts via metal
resinates),292-293 which, although they have no direct bearing on
alkoxo-technology, can nevertheless find partial applications in
the preparation of heterogeneous catalysts by this method.

Studies on alkoxo-technology have been initiated in recent
years at the Faculty of Chemistry of the Moscow State University,
at the State Institute of the Chemistry and Technology of
Organoelement Compounds, at the Institute of Petrochemical
Synthesis of the Russian Academy of Sciences, and in certain
other scientific establishments. The practical introduction of
alkoxo-technology has also begun. Thus the synthesis of boeh-
mite has been implemented in the undertakings of Yaroslavl' and
Ufa (the Condea chemie Company).
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Abstract. The phenomena involving a decrease in the mechanical
strength and durability of catalysts during their use, which can be
explained in the light of ideas concerning the mutual influence of
the solid phase and the medium during catalysis, are examined.
Analysis of the mechanism and the set of conditions inducing
these phenomena makes it possible to develop methods for a
significant improvement of the quality of a catalyst. It is shown
that the appearance on the catalyst surface of a multiplicity of
mobile adsorbed atoms on dissociation of chemical bonds during
the catalytic reaction can give rise to the acceleration of the surface
self-diffusion by a large factor, which promotes a significant
decrease in the temperature of the sintering of powdered materi-
als. The bibliography includes 105 references.

I. Introduction
In the study of the mechanisms of catalytic reactions, allowance
for the interaction of catalysts with the reaction medium and also
for the nature of the surface and the bulk phase of the solid
catalyst is extremely important.

In order to ensure a prolonged operation of the catalyst, it is
essential to create conditions preventing its disintegration and to
increase its mechanical strength. The porous solids of different
chemical nature employed in catalysis usually disintegrate under
the influence of the reaction medium, the chemical processes
occurring on their surfaces, and thermal and internal stresses.1 ~5

Many examples of the effect of the catalytic process on the
mechanical and structural characteristics of catalysts are known:
the disruption of contacts between corundum grains,6 the detach-
ment and removal of quartz glass macroparticles in the pyrolysis
of benzene,7 the sputtering of an aluminosilicate catalyst,7 and the
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Academy of Sciences, Leninskii prosp. 31,117915 Moscow, Russian
Federation.
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disintegration of the nickel catalyst in the decomposition of
n-hexyl alcohol.8 The disintegration of catalysts (the detachment
of solid macroparticles and other types of dispersion of the porous
structure) may be associated with the adsorption-induced
decrease in mechanical strength (ADS). This question was first
formulated as early as the 1960s.9-10 It was postulated that there is
an analogy between the ADS of catalyst under the real conditions
of their operation and the phenomenon which is observed when
metals and other solids (ionic and covalent compounds, molecular
crystals, amorphous materials, etc.) come into contact with
surfactants.11 This phenomenon is due to the decrease in the free
surface energy of the grains of the solid material under the
influence of the surrounding medium, which must contain
adsorption-active components (such are the catalytic conditions).

Such phenomena may (or may not) be accompanied by
corrosion, dissolution, the condensation of a new phase, and the
formation of films or other phase and chemical transformations
(including the reconstruction of the surface, the rearrangement of
the lattice, and the formation of a wide variety of structural
defects), which influence the mechanical strength of the catalyst.
Thus there is the phenomenon of'catalytic corrosion'12 expressed
by a change in the topography of the surface of platinum,
palladium, or nickel under the influence of catalytic hydrogen
and ammonia oxidation reactions at comparatively low tempera-
tures. The dynamics of catalytic corrosion and the intensity and
mechanism of the rearrangement of the surface of the platinum
catalyst have been investigated.13 Various aspects of the mutual
influence of the reaction medium and the chemical (phase)
composition, the structure of the surface, and the activity and
selectivity of catalysts have been examined.14"16 Numerous data
concerning the migration atoms and ions on the surfaces of
heterogeneous catalysts during catalysis and the formation and
growth of interacting clusters which represent the nuclei of phase
formations and structural reconstruction, have been pub-
lished.17"32

Catalysis and the decrease in the mechanical strength of a solid
represent different aspects of the same phenomenon, namely the
interaction of the solid with the reaction medium, which induces a
change in the bonds within both the solid and the reactant. The
catalytic reactions of the initial materials and the changes in the
structure of the catalyst, occurring simultaneously, may lead to
disintegration of the latter.
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Shchukin and coworkers9- l 0 showed for the first time that the
mechanical strength and durability of catalysts t depend to a large
extent on the number, distribution, and strength of individual
contacts between the catalyst particles and on the magnitude of
the residual internal stresses arising under the conditions in the
formation of structures. The kinetics of the ADS in disperse
porous structures with an open porosity have their specific
features: the pores are readily accessible to the reactive medium
and the rate of permeation of the latter into the bond rupture zone
is not the limiting factor, as in the propagation of a macrocrack in
a continuous material. Therefore the influence of the medium on
the parameters of a porous catalyst should be manifested
relatively rapidly and should be determined by thermodynamic
factors.

The studies of Shchukin and coworkers 9-10 and subsequent
systematic theoretical and experimental investigations33"88

served as a basis for the creation of a physicochemical theory of
the mechanical strength of disperse porous structures. The
thermodynamic nature of the ADS (partial compensation of the
energy of the ruptured bonds by the interaction with the
corresponding 'related' medium) at a macroscopic level is man-
ifested by a decrease in the work of formation of new surfaces, i.e.
the work of fracture, and hence by a decrease in mechanical
strength. Under conditions close to equilibrium, the effect of the
ADS may be expressed quantitatively by the decrease in the free
surface energy. It has been observed experimentally that the
relation between the decrease in surface energy (<r) and in the
mechanical strength (P) of any solids in the corresponding
medium is described by the well known Griffith relation

where the quantities PQ and <ro refer to an inert medium, whilst Pc

and a refer to an adsorption-active medium.
At the same time a definite micromechanism of the facilitation

of the rearrangement and rupture of the bonds in the solid
corresponds to each specific case of a real decrease in mechanical
strength. Either the van der Waals pair potential for spherically
symmetrical molecules (noble gas atoms) or the ideas concerning
donor-acceptor interactions and the changes in the structure of
near-surface zones are used for its description.78"80 The outcome
of all these investigations has been the establishment of the
characteristics and the mechanism of the disintegration of
catalysts' structures in adsorption and catalytic processes and
the creation of the scientific foundations for the regulation of the
mechanical strength of disperse porous bodies and for the control
of cohesion and structure-formation processes, ' -s .6 4-6 6 A set of
methods and several series of instruments for a comprehensive
estimation of the mechanical properties of materials in different
stressed states (under static and dynamic conditions) and also in
the processes associated with wear (in various media) have been
developed.34-35 There have also been other approaches. For
example, it has been suggested that the deformation and level of
disintegrating stresses can be estimated with the aid of acoustic
emission.1 The choice of the method for estimating the mechanical
strength under the conditions of a catalytic reaction is determined
by the type of reactor in which the process takes place (reactors
with stationary, fluidised or moving catalyst beds).36 Novel
methods for the determination of the mechanical strength of the

t Mechanical strength is a characteristic of the resistance of solids to
disintegration at a constant rate of deformation. It depends on the type
and method of application of an external mechanical load. Durability or
long-term mechanical strength is characterised by the time required for the
disintegration of the material subjected to a constant load.

JB I Malyshev, O V Dmitrik, R V Fishkin, in Nauchnye Osnovy
Prigotovleniya Katalizatorov (Scientific Foundations of the Preparation
of Catalysts) (Novosibirsk: Nauka, 1984) p. 249.

catalyst directly under the conditions of catalysis37 and also for
the determination of the internal microstresses in porous struc-
tures before and after catalysis have been devised.38-39 A series of
publications have been devoted to the mechanical strength and
durability of catalysts. For example, Fenelonov81 proposed a
texture-geometrical model of the mechanical strength of porous
bodies, which differs from the model of Rebinder, Shchukin, and
Margolis 9 (RSM) by the allowance for the real statistical packing
of the particles. He also obtained an equation for the calculation
of the specific strength of a single contact when different methods
are employed in tests of mechanical strength, which was checked
by employing the results of different investigations.82

The applicability of the postulates of the statistical theory to
data on the mechanical strength of catalysts and sorbents [the
'weak link' and 'fibre bunch' (rope) models] has been examined.87

The results of tests on porous materials in different stressed states
are presented in the same communication and the validity of the
equation PV = const (P = stress, V = deformation) was checked
and confirmed.

The influence of the porosity (including the porosity in the
'critical' cross-section) of the catalyst grains and of the conditions
in their preparation (temperature and duration of heat treatment)
on their mechanical strength have been studied.88-89 The depend-
ence of the mechanical properties of catalysts (and the possibility
of using these properties for a form of monitoring of the
mechanical strength testing methods arising from it) on a series
of technological factors (for example on the duration of dry-
curing, hydrothermal synthesis in hot water, and drying) has been
investigated.90 The change in phase composition (during heat
treatment) and the rearrangement of the structures of catalysts
under the influence of the reaction medium increase the mechan-
ical strength of the grains of cement-containing systems used in
organochlorine synthesis,91 which indicates the occurrence of
crystallisation contacts at the interface. The reason for fracture
during the employment of copper-containing catalytic systems
designed for the oxidation of hydrocarbons and CO to CO2 is
believed to be the extensive reduction of CuO to zerovalent copper
accompanied by the formation of highly crystalline phases which
leads to the breakdown of interparticle contacts (point and phase
contacts).92

The need for the creation of a theoretical basis for the
development of a technology for the preparation of industrial
catalysts and its implementation has now appeared.93-94 The
problem of the mechanical strength of the catalyst again arises in
this connection. The strength properties of specific catalysts may
be determined by extremely diverse factors.

The mechanical properties of solids and materials have been
the subject of numerous fundamental and applied sciences.The
concept of the thermofluctuation nature of fracture has arised
from solid state physics. In this case, the dependence of durability
under load (t) on the applied stress and temperature is described
by the familiar Zhurkov equation

Uo-yP

where y is a constant of the material, to the period of the vibrations,
and Uo the dissociation energy of the interatomic bonds.

In the mechanics of granular media, elastic behaviour is
considered from the standpoint of the packing of the particles in
monodisperse and polydisperse systems and the nature of the
contacts. In the statistical theory of mechanical strength, schema-
tised ideas concerning the parameters of the statistical distribution
of defects in the bulk of the material are employed for the
description of the macroscopic behaviour of bodies under load.
Rheology which studies the viscoelastic, viscoplastic, etc. mechan-
ical behaviour of bodies (usually without taking into account their
internal structure) describes the changes occurring during their
deformations.
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In the physicochemical mechanics of solids and disperse
materials,5-'' the strength and mechanical fracture of the mate-
rial are considered from the standpoint of surface physicochem-
ical interactions, because the rupture of interatomic (chemical)
bonds actually leads to the formation of new surfaces and at the
instant of their appearance (in statu nascendi) they are accessible to
the physicochemical influence of the medium, which affects the
nature of the deformation and rupture. The rupture of interatomic
bonds can be achieved in three ways (in various proportions):

(1) as a result of the work performed by mechanical forces
(external and internal stresses) given by

where b is the lattice period (b is the path traversed and b2 the area
of application of the force), L the characteristic linear parameter
describing the defective structure of the body, and y/L/b the stress
concentration factor;

(2) as a result of the thermal fluctuations

kT In - ,
'o

where t is the residence time under load and to the period of the
vibrations, whilst the quantity In (t/to) characterises the increase in
the probability of the manifestation of fairly large fluctuations in
the course of time;

(3) as a result of the work of adsorption At/ (which includes
the work of reversible physical adsorption, chemisorption, and the
chemical reaction),11 which reduces Uo to U= UQ — AU and
increases the activation volume (i.e. the path leading to the
overcoming of the bonding force) to / = y + Ay; in this case

Py +kT\n- = U.
k

The universal Zhurkov equation, mentioned above, follows from
the last equation.

Studies by the method of molecular dynamics, i.e. numerical
experiment of a dynamic type (NEDT) of the long-term strength
of an individual bond subjected to a constant load have shown 67

that the logarithm of the average lifetime of an atomic (molecular)
bond diminishes linearly with increase in the applied load strictly
in accordance with the Zhurkov equation.

The deformation and fracture of a two-dimensional crystal
with a concentrator-cavity, the adsorption of a surface-active
component on the walls of this cavity, the initiation and growth of
a crack when a crystal is subjected to a load in the presence of a
second component, and the permeation into the growing crack of
foreign atoms which promote its development have been inves-
tigated by the NEDT method.68 The results agree with the ideas
concerning the molecular nature of the Rebinder effect.

II. The influence of adsorption on the mechanical
strength of catalysts
One of the first pieces of direct evidence concerning the influence
of adsorption on the mechanical strength of porous structures has
been the results of a study of porous magnesium hydroxide
specimens in the presence of the vapours of various liquids:
water, sulfuric acid solutions at different concentrations (the
presence of H2SO4 ensured a change in the partial pressure of
water vapour), ethyl alcohol, benzene, cyclohexane, etc.40-41 It
was established that the coverage of the surface by 1 - 4 adsorbate
monolayers induces an appreciable decrease in the strength of the
magnesium hydroxide specimens (Fig. 1). The principal contribu-
tion to the decrease in mechanical strength (by a factor of 1.5 -2)
corresponds to the range with increasing moisture content up to
1%-1.5%, which corresponds to the formation of a saturated
monolayer of the molecules of the medium on the external and
internal surfaces of the porous specimen. The decrease in the
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Figure 1. Variation of the compressive strength of magnesium hydroxide
specimens during the adsorption of water (a) and ethyl alcohol (i).40-41

mechanical strength of the specimens is not a consequence of the
condensation of the adsorbent molecules in contacts between the
particles of the solid. The absence of water as an individual phase
in magnesium hydroxide (within the limits of monolayer adsorp-
tion) has been demonstrated by the NMR method. The true cause
is the decrease in the surface energy of the solid on adsorption, i.e.
the weakening of the bonds between the atoms (ions) at the
surface. The maximum decrease in mechanical strength, attained
for a 3%-4% moisture content, is associated with a further
decrease in the free surface energy on multilayer adsorption. The
subsequent increase in mechanical strength and then its resumed
decrease in the presence of high contents of the adsorbate has been
explained by the fact that in contrast to continuous media, in
disperse porous media the decrease in mechanical strength may be
reduced by capillary contracting forces which arise on condensa-
tion of the vapour of a liquid in pores.

In the presence of ethyl alcohol, the rise in the curve is not
quite so pronounced as in the presence of water owing to the
weakening of the capillary contraction forces as a consequence of
the smaller surface tension of the boundary with air than for
water. The adsorption nature of the decrease in the mechanical
strength of magnesium hydroxide specimens in the presence of
water is also indicated by the correlation between the relative
decrease in the strength of the porous structure and the decrease in
the free surface energy of this material (ACT), which were measured
in the presence of water by independent methods (Fig. 2).42> 43 The
quantity Ac by which the surface energy decreases, i.e.

A<7 = <70 - <7 = RT\ r\np,
Jo

(p is the water vapour pressure at which the specimens were
moistened) was found from the adsorption (T) isotherm for water
vapour.

1.0 -

0.5

100 200 -A<r /mJ m~

Figure 2. Relation between the decrease in mechanical strength and the
decrease in the surface energy of highly disperse porous magnesium
hydroxide specimens42 in terms of the variables of the Griffith equation.
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The relation obtained confirms the validity of the Griffith
relation, i.e. a proportionality between the relative decrease in
mechanical strength (P\ - Pl)IP\ (Po and /»a are the mechanical
strengths of the dry specimen and the specimen moistened under
equilibrium conditions respectively) and the decrease in surface
energy holds for these structures. Hence it follows that P ~ al/2.
The quantity oro = 300 mJ m~2, found from the slope of the
straight line, has an acceptable value. The same correlation has
been observed in the adsorption of water vapour on silica gel.95 A
relation between the decrease in surface energy and the decrease in
the mechanical strength of porous bodies has been indicated.44

The values of a for cement were found from the Griffith equation;
for a water: solid (WS) ratio of 0.45, we have a = 1370 erg cm~2,
whilst for WS = 0.60 we have a = 657 erg cm~2.

The ADS effect for the monomolecular surface coverage by
the adsorbate has been observed in experiments with ionic
polycrystalline KC1 and NaCl immersed in water-dioxane
mixtures of different composition.45 The decrease in mechanical
strength under these conditions was not associated with the
impregnation of the grains between the crystals by the liquid.

In the study of the influence of the polarity of the adsorbate on
the mechanical strength of porous structures in relation to
magnesium hydroxide as an example, it was shown that, in
contrast to the polar water and ethanol molecules, the nonpolar
benzene and cyclohexane molecules hardly influence the mechan-
ical strength of the hydroxide.41 Similar features were observed in
the study of the decrease in the mechanical strength of pressed
calcium carbonate, zinc oxide, sodium chloride, charcoal and
silica gel specimens in the presence of water, benzene, and carbon
tetrachloride vapours, carbon dioxide, and nitrogen.95"97 The
specimens on the surfaces of which a saturated monolayer of the
molecules of the medium had been adsorbed were found to be the
least strong. The effect involving a decrease in mechanical strength
was greater the closer were the polarities of the adsorbent and the
medium (water on silica gel, benzene on charcoal). This indicates a
decrease in mechanical strength with decrease in the free surface
energy on adsorption. In all the systems indicated, the decrease in
mechanical strength was not accompanied by the occurrence of
dissolution and chemical interaction processes. The mechanical
strength of ionic polycrystalline sodium and potassium halides in
heptane, water, and dioxane decreased to a greater extent the
greater was the polarity of the medium.45 Thus in water it
amounted to 0.2 of the initial value.

The dispersity of the structure-forming particles, the degree of
porosity of the medium, and the nature of the individual contacts
did not affect the decrease in mechanical strength in adsorption on
magnesium hydroxide specimens.41 It was observed by X-ray
diffraction that, in physical and chemical adsorption (for exam-
ple, of isopropyl alcohol on magnesium oxide46 and of water and
ethyl alcohol on magnesium hydroxide,47) the microdeformations
(internal stresses) increase with the consequent adsorption-
induced decrease in the strength of the structure. The appearance
of internal stresses has been explained by the change in the relation
between the resistance of the rigid framework comprising inter-
linked particles and the Laplace pressure compressing the partic-
les (as a consequence of the decrease in free surface energy on
adsorption).

The transition of silica gel to a complex stressed state occurred
when it was moistened and dried.98 When silica gel was fully
immersed in water, air was trapped in the structure and was
compressed by the capillary pressure due to the gradually
permeating water. As a result, high counterpressures arose in the
structure, reaching limiting disruptive values.

The ADS phenomenon was observed also on chemically more
complex porous structures: specimens of clays of different
mineralogical composition (kaolinite, bentonite), NaA and NaX
zeolites,48-49 and an aluminosilicate zeolite-containing cracking
catalyst.50 The mechanical strength of these materials diminished
sharply following the adsorption of various substances. The
adsorption and especially chemisorption of isopropyl alcohol

induces an appreciable comminution of the block structure of
magnesium oxide crystals (an increase in the density of disloca-
tions).46 The possible cause of this is the nonuniformity of the
adsorption combined with the mechanical anisotropy of the
crystals. The relaxation processes occurring after the catalytic
reaction again lead to an increase in the size of the blocks and a
decrease in the density of dislocations.

Among the multiplicity of the elementary mechanisms for the
formation of the texture of catalysts under various conditions, two
most common mechanisms of the increase in surface are distin-
guished. The characteristics of the thermodynamics of highly
disperse systems, which determine the direction and driving force
of the process, are manifested in these mechanisms.91 One of the
mechanisms involves the growth of the surface in phase trans-
formations, where the decrease in the phase potential compensates
for the increase in the surface potential, which is appropriately
reflected in the radius of the critical nucleus of the new phase.3-91

The second mechanism is associated with the change in entropy. If
the interfacial energy is small, the increase in entropy may
compensate for the increase in surface energy.3 On the basis of
these mechanisms, it is possible to estimate the minimum size of
the nucleus or the 'maximum area which can then only decrease in
the absence of phase transformations or a sharp decrease in the
interfacial energy'.81

The driving forces and the principal mechanisms of the
decrease in the surface (for example, as a result of coagulation)
can also be related to the local (in the contact zones) decrease in
the interfacial energy.4 On the other hand, the specific mechanisms
of the processes, including the mechanisms of the change in
porosity, may be extremely varied.81

Examination of the ADS phenomena helps us to understand
the mechanisms of certain intermediate stages in the new processes
involving the formation of a wide variety of aluminium oxide
carriers and catalysts using thermochemical (TCA) and mecha-
nochemical (MCA) methods for the activation of solids (see, for
example, Refs 84 and 99 -101). Thus it has been shown that, in the
transformation of the products of the MCA and TCA of technical
hydrated alumina, as a result of hydration, from the amorphous to
the pseudoboehmite state (which can be readily converted into
various aluminium oxide carriers or binders for catalysts), bonds
between the elements of the layered structure (plates) are dis-
turbed by the ADS and by the presence of the disjoining pressure
of the liquid phase on the surfaces bounding it.84 This results in the
cleavage of the highly disperse particles of the products of the
TCA into finely disperse (2 -5 nm thick) plates and their sub-
sequent hydration. This phenomenon as well as others have been
used in creating a low-waste technology for the manufacture of
aluminium oxides used as carriers, adsorbents and catalysts.84 The
formation of surface compounds, which occurs, for example, in
the interaction of methanol with magnesium oxide,85 is accom-
panied by the dissociation of the bonds in the alcohol molecule
and the liberation of energy. In the chemisorption of ethanol on
AI2O3,86 the bonds between the aluminium and oxygen ions are
75%-90% weakened according to quantum-chemical calcula-
tions and IR spectroscopic data. The clusters formed and their
varieties, participating in the formation of surface compounds,
also play a definite role in this process.

Comparison of the behaviour of adsorbates having molecules
of different size (water, benzene) made it possible to observe that
the filling of the inner cavities of the zeolite crystals (within the
limits of sorption capacity) with adsorbate molecules prevents a
decrease in mechanical strength of granules.48-49 If there is steric
hindrance to the permeation of the adsorbate molecules into the
cavities, the mechanical strength of the zeolite grains diminishes
already for low degrees of adsorption (of the order of monolayer
coverage of the surface of the clay binder). A similar 'protective'
effect has been observed in the dispersion of brown coal in the
presence of water and heptane.51
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The data presented referred to physical adsorption, but in
catalytic processes the chemical adsorption of the reactants and
reaction products plays the main role.

The influence of chemisorption on the short-term and long-
term mechanical strength of disperse porous structures has been
investigated in detail in relation to the behaviour of the
cobalt-molybdenum catalyst under conditions involving a
change in the temperature and pressure of the vapours of the
products of the incomplete oxidation of propene (carbon dioxide,
acetaldehyde, and especially acrolein).52"54-102-103 It was estab-
lished that the degree of disintegration of the catalyst depends on
the degree of surface coverage by chemisorbed molecules and on
the strength of the chemisorption bond, i.e. on the decrease in free
surface energy on chemisorption (Fig. 3).

/MPa

Figure 3. Dependence of the time to fracture of a cobalt - molybdenum
catalyst on the applied load in various media at 483 K: (1) nitrogen; (2)
carbon dioxide (partial pressure 350 mm Hg); (3) acetaldehyde
(60 mm Hg); (4) acrolein (60 mm Hg).49

The disintegration of a catalyst as a consequence of chem-
isorption has been observed also under the conditions where the
grains of an alumina-chromium oxide-potassium oxide catalyst
were ground up in a stream of n-butane and butenes at elevated
temperatures.55

III. The effect of the catalytic reaction on the
mechanical strength of catalysts
The phenomenon of the accelerated disintegration of the struc-
tures of catalysts under the reaction conditions has long been
known. Shchukin and coworkers 9-10 showed for the first time that
the surface phenomena at the interfaces in the porous structures
should be regarded as the main causes of the decrease in the
mechanical strength and durability of catalysts. A similar view has
been expressed in a study of the surface phenomena accompany-
ing a heterogeneous chemical reaction using methods based on the
thermodynamics of irreversible processes.104 If intermediate
compounds or a series of states which possess a higher surface
activity than the initial and final compounds are formed in a
chemical reaction.^ then their adsorption at the interface reduces
the interfacial energy and increases the area of the interface.
Consequently, the surface energy of the catalyst should diminish
during the catalytic process. A decrease in the hardness of

§The possibility of the appearance of intermediate forms of the interaction
in catalytic processes was already noted by D I Mendeleev [see
D I Mendeleev Osnovy Khimii (Fundamentals of Chemistry) Vol. 1
(Moscow, Leningrad: Goskhimizdat, 1947) pp. 523, 524].

amalgamated zinc and brass catalysts in the decomposition of
aqueous solutions of hydrogen peroxide has been observed
experimentally and explained by a decrease in the surface tension
of mercury during catalysis.105 According to the data of Shchukin
and Margolis,64 the active intermediate complex interacts more
strongly with the catalyst surface than the initial reactants and
chemisorption appreciably weakens the metal-metal bond. As a
result, surface metal atoms are frequently detached on formation
of a bond with active adsorbates.

The mechanical strength of sulfur dioxide oxidation catalysts
under the reaction conditions differs appreciably from their
strength outside the reactor.77

The influence of catalysis on the mechanical strength and
durability of porous magnesium oxide catalysts in the endo-
thermic isopropyl alcohol dehydrogenation reaction has been
studied systematically.37'40-46'52'56'66'67 Already 20-30 s after
the start of the reactions, even before the establishment of
stationary conditions, the compressive strength of the catalyst
diminished by a factor of 1.5 - 2 (the tests were carried out after the
cessation of the catalytic reaction and the drying of the
grains).46'56 A further increase in the duration of the use of the
catalyst induced only a slight decrease in its mechanical strength.
It was demonstrated by X-ray diffraction that the internal stresses
in the catalyst diminish during the reaction owing to the irrever-
sible rupture of the bonds (contacts between the particles).

Numerous experiments have shown that the mechanical
strength of the catalyst decreases with increase in the internal
stresses associated both with the genesis of the structure (for
example, on pressing a magnesium oxide powder or on dehydra-
tion of magnesium hydroxide) and with the catalytic reaction
conditions (thermoelastic stresses due to the cyclic changes in
temperature during catalysis). The mechanical strength of the
catalyst, measured directly during catalysis with the aid of a
dynamometric device mounted in a specially constructed reac-
tor,57 proved to be lower than after the cessation of the reaction
for the same exposure time. It may be that the decrease in the
interfacial energy is influenced by the nonequilibrium adsorption
of intermediate compounds during catalysis. If the conditions of
the catalysis promote the appearance of internal stresses (for
example, as a consequence of cyclic changes in temperature),
then the mechanical strength decreases significantly not only at
the beginning of the process but also throughout it. The decrease
in mechanical strength may be accompanied by a change in the
specific surfaces of the specimens, but a direct relation between the
decrease in mechanical strength and dispersity was not observed.

The decrease in mechanical strength was independent of the
change in the specific surface of the porous structure as was
confirmed in experiments on the dehydrogenation of isopropyl
alcohol on aluminium oxide specimens.58

During the catalytic reaction, not only the mechanical
strength but also the durability of the catalyst under load
decrease. Thus the disintegration time of a magnesium oxide
catalyst subjected to a 0.8 MPa load decreases dramatically in
the reaction medium (the disintegration time was determined from
the projections of the corresponding points on the relations
illustrated in Fig. 4 onto the ordinate axis). A decrease in
durability under the conditions of catalysis has been observed
also for the cobalt-molybdenum catalyst of the incomplete
oxidation of propene.52

There are data on the disintegration of sulfate catalysts in
stationary and fluidised beds used in the synthesis of sulfuric
acid.59-60

In order to test the hypothesis that the bonds are weakened in
the solid under the reaction conditions, CO was oxidised on
disperse porous iron and nickel specimens.61 An increase in the
area of contact between the metal particles was observed with an
electron microscope.

The migration of crystallites as well as the disappearance of
small particles and the appearance of large ones with formation of
irregular shapes have been observed also in a study of the
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Figure 4. Dependence of the time to fracture of a magnesium oxide
catalyst on the applied load at 668 K in nitrogen (line /) and in the reaction
medium during the dehydrogenation of isopropyl alcohol (line 2).

behaviour of the Ag/Al2O3 catalyst in the ethene oxidation
reaction.103

These results as well as the data mentioned above concerning
the decrease in the durability of the cobalt-molybdenum catalyst
in the chemisorption of the reaction products52> 53 confirm the
hypothesis of Shchukin and coworkers,9-10 according to which the
decrease in the mechanical strength of the specimens under the
conditions of catalysis is caused by the simultaneous effect of the
internal stresses in the catalyst and of the weakening of the bonds
between the atoms (ions) on the surface of the solid as a result of
the adsorption of the reacting components, including the effect
resulting from the nonequilibrium adsorption of intermediate
compounds.

The rate of the surface diffusion (self-diffusion) in iron under
the conditions of catalysis and in the absence of the reaction
medium has been investigated.62 The method involving the
'healing' of a scratched groove was employed: for a specified
observation time, the decrease in the depth of the groove d is
proportional to the surface diffusion coefficient D raised to the
power 1/4. It was established that, under the conditions of the
synthesis of ammonia at 800 K, the diffusion coefficient of iron
atoms on the surface of the catalyst increases by a factor of 105

compared with the value of D at the same temperature in the
absence of catalysis. This effect is due to the sharp increase in the
number of mobile adsorbed atoms as a result of the implementa-
tion of the reaction steps (in this case, an exothermic reaction).
Similar phenomena have been observed in the hydrogenation of
benzene on nickel.54 The similarity in the behaviour of these
metals in the reaction described above is due to the fact that
molecular hydrogen dissociates on these catalysts and atomic
hydrogen induces their embrittlement.

It is noteworthy that, under the conditions of experiments54

involving the 'healing' of a scratch, the migration mechanism is
known to be determined by the surface mass transfer on nickel,
since the mechanism involving transfer through the gas phase is
impossible owing to the low vapour pressure of nickel, while the
bulk diffusion mechanism cannot be achieved because of the
considerable predominance of surface self-diffusion over the
bulk-phase diffusion at the experimental temperature. The exo-
thermic reaction in which benzene is hydrogenated to cyclohexane
at 100 °C and the endothermic cyclohexane dehydrogenation
reaction at 350 °C have been investigated.54 In control experi-
ments, nickel specimens with scratches were annealed in a stream
of hydrogen at 100 °C and in a stream of helium at 350 °C. The
smoothing of the scratch was estimated from the decrease in its
initial depth. This occurred only under the conditions of the
exothermic reaction involving the hydrogenation of benzene to
cyclohexane. As in the synthesis of ammonia on iron, the nickel

diffusion coefficient was greater by a factor of 104-105 than the
value of D in the absence of catalysis. Since the coefficient D
increased only in the presence of an exothermic reaction, it is
evident that the energy of the chemical reaction is necessary for the
acceleration of the mass transfer.

It has been suggested that this effect is possible also in an
endothermic reaction, provided that an intermediate stage pro-
ceeds with evolution of energy. The role of catalysis in the
rearrangement of the surface consists precisely in facilitating a
single nickel adatom formation due to an elementary catalytic step
and not in facilitating the subsequent migration of the adsorbed
atom over thousands of interatomic distances. In other words,
since the scratch is not 'healed' in an endothermic reaction, the
increase in D during catalysis may be attributed to the heat of
reaction: the energy evolved in each catalytic step is consumed
predominantly (or completely) not on heating the catalyst but on
the local rupture of the bonds of individual atoms (ions) in the
surface layer of the solid (on which or in the vicinity of which the
catalytic step occurs), on the 'abstraction' of atoms from the
defective region of the crystal lattice (for example, from kinks in
the steps on the surface), and on their transition to the state of
adsorbed atoms. Since the absolute heat of the reactions inves-
tigated calculated per mole exceeds by a factor of 2 - 3 the energy
required for the formation of 1 mole of adsorbed atoms, it was
postulated54 that 2 - 3 additional adsorbed atoms, which partici-
pate in the diffusional surface mass transfer, arise in each step.

IV. Contacts between the particles and internal
stresses
According to the ideas of physicochemical mechanics, the
mechanical strength of a solid depends on the nature of the
contacts between the particles. The strength of the crystallisation
contacts is relatively high, amounting to 10~6 N and more.
Depending on the conditions in the preparation of the catalysts
and on their chemical properties, the number and strength of the
individual contacts may vary and hence the mechanical strength
also varies. The characteristics of the structure of the solid
(defects, dislocations, etc.) are superimposed on the properties of
the porous structures of the catalyst.

It has been shown37'63 that, in contrast to the decrease in
mechanical strength during adsorption, in many cases the adsorp-
tion-induced decrease in mechanical strength during catalysis may
be sharply weakened with increase in the strength of the contacts
in the porous structure. These results have been obtained on
specimens of a magnesium oxide catalyst with the same fine and
overall porosities, on which the catalytic reaction proceeds at the
same rate. Specimens with 'low strength' contacts were formed
from a magnesium oxide powder obtained by heating magnesium
hydroxide at 1173 K. After moulding, they were annealed at
723 K. Specimens with 'strong' contacts were obtained from
hydrated magnesium oxide, by dehydration of magnesium
hydroxide specimens at 723 K and following calcination at
1173 K. In both cases the heat treatment conditions were the
same and only the sequence of the operations was altered.

Figure 5 presents data on the relative decrease in the com-
pressive strength (along the axis of a cylinder) of magnesium oxide
specimens, obtained under the conditions of the dehydrogenation
of isopropyl alcohol at 653 K, as function of their porosity (71).
These relations have been attributed 37> 63 to the lower mobility of
the chemisorbed molecules ('kinetic difficulties') compared with
the mobility of the molecules in the state of physical adsorption. In
the latter case, the molecules have sufficient time to migrate,
following the tip of the crack opening as a result of the applied
stress.

The increase in the durability of the magnesium oxide catalyst
containing 15 mass % of added silica, known as white soot, has
also been explained by the kinetic difficulties arising following an
increase in the strength (area) of the contacts.56-*2 In the presence
of white soot, the longterm strength of this catalyst falls to an



The influence of the medium on the mechanical properties of catalysts 819

50
Figure 5. Dependence of the relative decrease in the strength of the
samples with 'weak' (line 1) and 'strong' (line 2) contacts on the porosity
of a magnesium oxide catalyst under the conditions of the dehydrogen-
ation of isopropyl alcohol at 653 K. P = mechanical strength of the
specimen 1 h after the start of the reaction; Pt> = mechanical strength of
the initial specimen kept in the reactor at the temperature of the catalytic
reaction in a stream of dry nitrogen.

appreciably lesser extent 50 min after the start of the catalytic
reaction than in its absence. The specimen with the additive
possesses the same and in certain cases a higher catalytic activity.
The strengthening of the contacts has been attributed to the
improvement in the sintering of the magnesium oxide particles as
a result of the chemical interaction with silicon oxide.

The possibility of the reconstruction of the catalyst surface
under the conditions of adsorption and the catalytic reaction has
been demonstrated.7-8 The driving force for the reconstruction of
the lattice of the solid is the decrease in the free surface energy. The
kinetics of the mass transfer accompanying this phenomenon
indicate 5A-62 that, in the course of exothermic catalytic reactions,
there is a sharp (by 4 - 5 orders of magnitude) increase in the
coefficient of the surface self-diffusion of the metal atoms on the
catalyst surface (the heat of chemisorption, which is always
positive, is insufficient for an appreciable acceleration of the
surface diffusion). Experiments with porous nickel and iron
catalysts have shown that this increases by a factor of 4 - 6 the
strength of the porous structures under the conditions of catalysis
by virtue of the increase in the number of adsorbed atoms and
their directed diffusion to sites with a changed chemical potential,
including contact regions. The same mechanical strength under an
inert gas atmosphere as in catalysis may be attained only at an
appreciably higher (by 300 °C) temperature. Under the conditions
of catalysis, where the self-diffusion coefficient increases by a
factor of 105, the calculated sintering temperatures of a series of
substances (iron, nickel, magnesium oxide, iron oxide) decrease by
several hundreds of degrees; a decrease in the sintering tempera-
ture is promoted by a decrease in the activation energy for self-
diffusion.62

The relation between the elementary catalytic events and the
adsorption mechanisms of the decrease in mechanical strength
was established by comparing the processes involving the syn-
thesis of ammonia on an iron catalyst, one of the stages of which is
the dissociative chemisorption of hydrogen, and the hydrogen-
induced embrittlement of iron.64"66 The weakening of the
interatomic bonds in molecular hydrogen and in iron are two
aspects of a single process: the iron catalyst promotes the
dissociation of the bond in the H2 molecule, while atomic hydro-
gen facilitates in its turn the rupture of the Fe - Fe bonds in the
iron lattice. Nickel, which is a catalyst for exothermic hydro-
genation reactions and is also susceptible to hydrogen-induced
embrittlement, behaves similarly.

In other words, together with the 'direct' effect of the surface
of the solid phase on the reaction kinetics, there is a 'reverse' effect
of the medium on the structure of the solid — the catalyst.

The appearance and decomposition of contacts as a result of
fluctuating oscillations, the mechanisms of the elementary steps in
the deformation and disintegration, and the influence of the
medium on these processes have been examined at the atomic-
molecular level with the aid of the method of molecular dynamics
(numerical experiment of a dynamic type).67-68 Analysis of the
long-term strength of an individual bond subjected to a constant
load showed that the logarithm of the average lifetime of the bond
decreases linearly with increase in the applied load, which is
strictly consistent with the universal Zhurkov equation.

This approach made it possible to confirm also the idea of the
molecular nature of the Rebinder effect. The deformation and
fracture of a two-dimensional crystal havig a concentrator-cavity
during the adsorption of a surface-active component on the walls
of the cavity have been explained by the fact that when a crystal is
subjected to a load, a crack is initiated, which is followed by its
growth and the permeation into the growing crack of surface-
active atoms, which promote its propagation.

The principle of the interrelation between the elementary
catalytic steps and the adsorption-induced decrease in mechan-
ical strength,64"66 i.e. the analogy between the rupture of the
interatomic bonds induced by mechanical disintegration and the
chemical reaction, has been confirmed in a theoretical analysis of
the catalytic cracking of hydrocarbons.69 Acid catalysts are used
in cracking processes and the reaction proceeds via a stage
involving the formation of a carbonium ion. In this connection,
it was postulated that the acid agents must facilitate also the
mechanical disintegration of the hydrocarbon chain. In order to
establish the mechanism of the Rebinder effect and to determine
the quantitative characteristics of the adsorption-dependent
influence of the medium, a direct quantum-mechanical calcula-
tion of the force and energy parameters of single and double C — C
bonds during their mechanical rupture was carried out and the
influence of the hydrogen cation — the active principle in acid
catalysts of the cracking of hydrocarbons — on this process was
estimated. The calculation showed that the addition of a proton
diminishes the strength of the C—C bond and that the magnitude
of the effect depends significantly on the nature of the carbonium
ion formed. The interrelation principle has been confirmed also in
numerous experimental observations of the rearrangement of the
surfaces of catalysts under the conditions of a catalytic reaction.

It was established that the stresses in solids arising during the
formation of the structure can both decrease and increase their
mechanical strength.2 The increase in the mechanical strength of
solids has been observed on pressing powders, whereupon phase
contacts were produced as a result of the plastic deformation in the
contact zone. On the other hand, the presence of residual internal
stresses in the solid always induces a decrease in mechanical
strength, especially in the study of catalytically active media
which accelerate the relaxation of stresses due to the weakening,
as a result, of chemisorption of the bonds between the atoms (ions)
of the surface.2-3 One of the most important conditions governing
the increase in the durability of heterogeneous catalysts, sorbents,
and carriers is therefore a decrease in the residual internal stresses
by the optimisation of structure formation.

Among the procedures for decreasing the residual internal
stresses one may name, for example, the regulation of the
dispersity of the initial binding substance in the structures arising
as a result of the hydration-induced hardening of calcium and
magnesium oxides, the introduction of seeds in crystallisation
processes, and the addition of some electrolytes (i.e. the creation
of conditions promoting a decrease in the supersaturation of
suspensions in the aqueous phase during the preparation of the
catalyst).2-70 An increase in porosity and a decrease in the rigidity
of the crystallisation structures are also used to eliminate internal
stresses, for example by introducing small amounts of a highly
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disperse inert filler, which hinders the formation of phase contacts
in the bulk of the material in the initial stages.

Catalysts based on silica and alumina gels having an amor-
phous matrix constitute a separate group. They acquire special
functional (catalytic, adsorption, etc.) properties following the
introduction of a crystalline filler, for example, a zeolite. As in
crystallisation structures, in these composite structures the inter-
nal stresses reach magnitudes close to the mechanical strength of
the material itself (~ 107 N m~2).4-71 An increase in the dispersity
of the filler crystals and the introduction of anisometric particles
are procedures for reducing the residual stresses in such materi-
als.2 Thus the introduction into an amorphous aluminosilicate
xerogel (a cracking catalyst) of fluorite crystals with a lower
dispersity as a filler reduces the internal stresses by a factor
greater than two, while small amounts of added (~2%) asbestos
fibres diminish microdistortions by a factor of two.2

The internal stresses in catalysts and sorbents become smaller
when vibration-induced compaction is used instead of static
pressing.72-73 In this case, the decrease in the internal stress is
accompanied by the simultaneous increase in the density of the
structure, increasing its strength,1-10 which depends on the
number of particles per unit cross-section (the granulometric
composition is the same under the conditions of static and
vibration-induced compaction). A decrease in the fraction of
large pores, which under the conditions of catalysis in the
presence of residual stress may play the role of the nuclei of
cracks, has an extremely positive effect on the increase in density.
It has been shown for the bismuth-molybdenum catalyst of the
oxidative ammonolysis of propene that a denser structure with
smaller internal stresses obtained by vibrocompaction is also more
durable.73 Its catalytic properties remain unchanged under these
conditions.

V. The sintering and strengthening of catalysts
Since the coefficient D increases during the catalytic reaction,62 a
decrease in the sintering (presintering) temperature and hence an
increase in the strength of the porous structure of the powdered
pressed catalysts compared with similar specimens heat-treated at
the temperature of the catalytic reaction but in an inert medium
might have been expected. A heterogeneous catalytic reaction
proceeds only on the outer or inner surface of the solid catalyst
and therefore one should expect that the cause of such strengthen-
ing is an increase in the area of the true contact between the
particles for an unchanged porosity of the specimens.

Naturally the postulated effect involving the strengthening of
catalysts in exothermic reactions may be observed only if it
surpasses the effect involving the adsorption-induced decrease in
the strength of the porous structure.

The oxidation of CO has been investigated in through-put
apparatus at atmospheric pressure under isothermal conditions,
where the temperature of the catalyst (carbonyl iron) increase
during the reaction by not more than 0.2 °c.61-75-76 The reacting
gases — oxygen and carbon monoxide in stoichiometric propor-
tions —were supplied to the reactor in a mixture with helium. The
influence of the reaction mixture and of its individual components
— CO (in a mixture with helium) and O2 (in a stream of air) as well
as H2 — on the mechanical strength of the catalyst was elucidated.
'Mild' conditions in the preparation of the specimens promoted a
decrease in the residual internal stresses and the adsorption-
induced decrease in mechanical strength.

Table 1 presents the results of the measurement of the
mechanical strengths of carbonyl iron specimens after their
annealing in various media. During the reaction at 573 and 623
K, there is a sharp (by a factor of 4 - 5) increase in the mechanical
strength of the catalyst compared with the initial specimen and the
specimens annealed in the presence of one of the reaction
components. It was demonstrated by means of an electron
microscope that the catalyst particles form contact chords,
produced during the annealing of the specimen under the reaction

Table 1. The influence of the carbon monoxide oxidation reaction and of
the components of the reaction medium on the mechanical strength of the
porous structure of the catalyst — carbonyl iron.54

Composition of medium (vol. %) Strength (in MPa) at

8% CO + 4% O2 + 88% He
21%0 2 + 78%N2(air)
100% Ar
8% CO + 92% He

573 K

6.4
2.40
1.37
0.31

Note. The porosity of the specimens was 57.5±0.2%
catalysis and the mechanical strength was 1.27 MPa.54

623 K

7.46
2.88
1.46
0.36

before and after

conditions. In the absence of the reaction medium at the same
temperature, the effect is much weaker.

The increase in mechanical strength is due to the increase in
the area of contact between the particles as a result of the surface
self-diffusion. A sharp increase in the strength of the catalyst for a
constant porosity was achieved in this reaction also on specimens
of electrolytic nickel.

A decrease in the sintering temperatures of iron and nickel
during the catalytic reaction was established experimentally. The
strength of the porous structures of iron and nickel in an inert
medium increased only at higher temperatures (by 300-350 °C).

Thus the sintering temperatures of metallic powders decrease
appreciably under the conditions of an exothermic catalytic
reaction. A significant strengthening of the porous structures is
then attained as a result of the development of contacts between
the particles with retention of the initial porosity, which is
important for both catalysts and adsorbents and for membranes.
Qualitatively similar results have been obtained on the MgO and
V2O5 oxide catalysts in exothermic oxidation reactions,74-75 but
the strengthening effect proved to be smaller in this case than on
porous metallic catalysts. This is apparently due to the greater
defectiveness (metastability) of the oxides obtained by the decom-
position of hydroxides and salts at relatively low temperatures,
appreciably those lower than the melting points of the correspond-
ing oxides.

VI. Conclusion
The interaction between the catalyst surface and the molecules of
the medium induces certain changes both in the adsorbed
molecules and in the catalyst itself. For example, the mechanical
strength and durability of the MgO, Co-Mo, A l - C r - K , etc.
catalysts may decrease significantly in the course of the catalytic
reaction. Iron may serve as yet another striking example: as a
catalyst of the synthesis of ammonia, iron participates in the
cleavage (dissociative adsorption) of the hydrogen molecule and is
in its turn subjected to hydrogen-induced embrittlement.

The influence of the catalytic reaction on the mechanical
properties of the catalyst must be regarded as one of the
manifestations of the Rebinder effect — a decrease in the
mechanical strength of a solid under the influence of the adsorp-
tion active components of the medium, which reduce the surface
energy (and the work of disintegration), and of the mechanical
stresses induced by the weight of the catalyst layer, collisions, and
thermal gradients. The residual internal stresses, arising at differ-
ent stages in the preparation of the grains, also make their own
contribution. The catalyst is therefore, as it were, doomed to
accelerated wear precisely by virtue of its purpose.

However, comprehensive analysis made it possible to also
discover ways whereby these undesirable effects can be signifi-
cantly weakened. The strengthening and increase in the stability of
granules in an active medium are achieved by the optimisation of
the entire technological chain in the preparation of the catalyst by
selecting pressing and hydration conditions, by the use of inert
carriers, by employing modifying agents during sintering, by
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introducing mineral binders, by modifying the contacts them-
selves, which promotes a decrease in their sensitivity to the
medium, by combining finely disperse and coarsely disperse
fractions, by adding anisometric (fibrous), including inert, fillers,
etc. All this makes it possible to increase drastically the useful life
of the catalyst.

At the same time, the weakening of the bonds between the
atoms on the surface of the catalyst leads to a sharp increase in the
number of mobile atoms and intensification of the surface self-
diffusion. Direct observations by the method involving the
'healing' of a scratch indicate an enormous (by 4 - 5 orders of
magnitude) increase in the coefficient of surface self-diffusion.
This effect has been observed on iron during the synthesis of
ammonia and on nickel during the hydrogenation of benzene.

The intensification of self-diffusion may in its turn intensify
the sintering process, making it possible to carry it out at reduced
temperatures. The sintering temperatures of iron and nickel
powders under the conditions of the oxidation of CO may be
reduced by 300 °C without affecting the mechanical strength of the
specimens, i.e. it ensures the development of strong contacts
between the particles. Similar effects have been observed on the
MgO, V2O5, and AI2O3 catalysts under the conditions of the
corresponding reactions.

The approach described leads to new possibilities for the
selection of catalysts and the optimisation of the technology of
their preparation, the improvement of the processes involving the
sintering of high-temperature components, and in general the
development of new principles of the treatment of materials.

This review has been written with partial financial support by
the International Scientific Fund (grant MLE 300) and the
Russian Fundamental Research Fund (grant 95-03-08072).
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Abstract. X-Ray photoelectron spectroscopy (XPS) and theoret-
ical calculations show that under certain conditions inner valence
molecular orbitals (TVMOs) can form within a rather broad
binding energy range (15 eV to SO eV) in compounds of many
elements of the Periodic Table. This results in the appearance of a
fine structure in their X-ray photoelectron spectra. The structure
of X-ray photoelectron spectra associated with electrons of
IVMOs correlates with contributions of the filled atomic orbitals
(AOs) to the IVMO formation and the structure of compounds. In
certain cases, the total contribution of electrons of the inner
valence molecular orbitals to the bond energy in molecules and
compounds is comparable to that of electrons of the outer valence
molecular orbitals. This phenomenon is extremely important and
new in principle for chemistry. The bibliography includes 128
references.

I. Introduction
X-Ray photoelectron spectra of compounds of various elements
of the Periodic Table often exhibit, instead of the expected atomic
singlets and doublets associated with spin-orbital interaction, a
more complicated structure. This spectral fine structure can
appear due to the formation of molecular orbitals (MOs),1"8

multiplet splitting, dynamic effect, multielectron excitation,
etc.7"10 Recently, much attention has been paid to the analysis
of the reasons for the appearance of fine structure in X-ray
photoelectron spectra of various compounds since it gives
information on the physical and chemical properties and the
structure of compounds, the nature of chemical bonds in them,
oxidation states of constituent atoms, etc.10"20 Although this
problem is far from being completely solved, it becomes possible
in certain cases to obtain unique information on compounds using
the characteristics of the fine structure of X-ray photoelectron
spectra.
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Basically, the electrons of non-filled low-energy shells of
neighbouring atoms (with energies ranging from 0 eV to
~ 15 eV) have been traditionally taken into account in spectral
studies of the nature of chemical bonds. To some extent, it was
facilitated by the widespread use of excitation sources of visible
and UV-radiation in atomic and molecular spectroscopy. In most
cases, X-ray emission spectroscopy studies of a wide range of
compounds utilised the same interval of energies. Although, from
the standpoint of quantum chemistry, the contribution of deep-
lying filled atomic shells to the formation of MOs is well
established,21-22 it has been believed that the effect of these
electrons on chemical bonding could be neglected compared to
that of weakly-bound (from 0 eV to ~ 15 eV) electrons.

Progress in precision XPS, with soft X-ray radiation
(hv < 1.5 keV) as a source of excitation, allowed the study of fine
structure in the spectra of both weakly-bound and inner electrons.
In X-ray photoelectron spectra of compounds taken in the interval
from ~15 eVto ~50 eV, instead of separate lines associated with
electrons of filled atomic subshells, a more complex structure
attributed to electrons of MOs is observed.

Studies of the fine structure in X-ray photoelectron spectra of
compounds of various elements of the Periodic Table have shown
that, in many cases, rather strong interaction between the
electrons of low-energy AOs, closed in the ground state, results
in the formation of MOs lying in the energy range from 0 eV to
~50eV.1-8 .1 1-1 6-2 3-2 8 This fact agrees with predictions of
theoretical calculations.29"33 Thus, clear experimental evidence
of arrangement of filled AOs into MOs has been attained.
However, the significant binding energy difference between
certain pairs (bonding and antibonding) of low-lying MOs (from
~ 15 eV to ~ 50 eV) in some compounds allowed one to suggest
that the perturbation induced by electrons of these MOs substan-
tially affect bond strengths in these compounds.1 ~6

To this end, from the practical viewpoint, it is expedient to
divide the X-ray photoelectron spectra into three regions depend-
ing on the electron binding energy. The first region (from 0 eV to
~15eV) typically involves a poorly-resolved structure corre-
sponding to the outer valence molecular orbitals (OVMOs),
which are mainly built up of partially filled valence atomic
orbitals. The second region (~ 15 eV ... 50 eV) exhibits a well-
resolved structure associated with electrons of the inner valence
molecular orbitals (TVMOs) which are mainly composed of closed
atomic shells. Peaks that belong to the third region (more than 50
eV) reflect inner(core) MOs (CMOs) primarily consisting of deep-
lying inner (core) AOs. However, due to the hrnited resolution of
X-ray photoelectron spectrometers, separate peaks of electrons of
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these CMOs cannot be observed even in the Spectra of homonu-
clear gaseous molecules.1 When we proceed to correlation of the
structure of a compound with the structure of its IVMOs, the
expedience of this division is most evident.

It should be noted that one cannot strictly divide MOs into
categories of CMOs, IVMOs, and OVMOs, when considering the
IVMO problem in general terms of the formation of MOs in
various compounds. The character of the IVMOs in light-element
compounds discussed in this review is closer to that of conven-
tional OVMOs. Some of IVMOs of compounds containing heavy
atoms are like CMOs. In other words, we should carefully
consider this question for each particular compound. Moreover,
although de facto the term 'IVMO' for light-element compounds
has been used earlier, scientists started using this term for heavy-
atom compounds only recently, since the existence of fine
structure that could be interpreted in terms of the formation of
FVMOs had been discovered in X-ray photoelectron spectra in the
energy range of ~ 15 eV... ~50 eV.2~6

As has been mentioned in previous studies,17'20 one of the
reasons that a group of MOs referred to as IVMOs should be
considered separately from the rest of MOs is that the peaks
corresponding to IVMOs are well resolved, unlike those corre-
sponding to OVMOs, and the fine structure associated with them
depends on the nearest enviroment of the absorbing atom in the
molecule or cluster. We should mention that, simultaneously with
the appearance of a fine structure, multielectron effects can
manifest themselves in the low-energy region of X-ray photo-
electron spectra. It has been shown 1-17~20 that multielectron
effects give rise to additional bands, as a rule, of much lower
intensity than that of the major peaks, and a certain smearing of
the spectrum. However, the spectral structure determined by the
ground and final electronic states of the system with a vacancy
after photoemission almost always remains firmly pronounced.

Fine structure observed in X-ray photoelectron spectra of
shells of various compounds are evidence that multielectron
effects play a noticeable role in their formation. However, one
should keep in mind that XPS is of greatest practical use for a wide
range of researchers when the spectra can be interpreted in terms
of the one-electron approximation.

In the present review we discuss the IVMO problem from the
general viewpoint. An attempt has been made to answer the
following questions:

1. How common is IVMO formation for compounds of
various elements of the Periodic Table?

2. What qualitative and quantitative information on physico-
chemical properties can be obtained from the spectral parameters
of the IVMO-assigned fine structure?

3. How significant is the role of IVMOs in chemical bonding
and what is the overall contribution of electrons of these orbitals
to the covalent component of the bond energy?

For the sake of simplicity, we interpret the spectra containing
fine structure using atomic notation as well as molecular ones.

n. General notions
In terms of the MO LCAO model, chemical bonding in diatomic
molecules occurs by filling MOs with the common electrons. The
positive, negative, or zero contribution of an electron to the bond
energy depends upon the character of the corresponding MO
(bonding, antibonding, or non-bonding). This concept was
developed to the largest extent in the consideration of the nature
of the chemical bond in diatomics, viz., homonuclear molecules of
D^i, symmetry and heteronuclear ones of Cxv symmetry. The
main qualitative postulate, which defines the relative bond energy
in a diatomic molecule, is that the bond energy contributions of
the electrons to the bonding and the corresponding antibonding
MOs are approximately equal. The bond order, determining the
bond strength, equals half the difference in populations of the
bonding and antibonding MOs.21-22-34"37 Therefore, the number
of excessive 'bonding' electrons is considered to be the measure of

the bond strength.35- 38~41 However, this rule is approximate,2135

since a molecule is destabilised by the electrons of antibonding
MOs to a somewhat greater extent than stabilised by electrons of
the corresponding bonding MOs.

The bonding or antibonding character of individual MOs can
be established experimentally from the deviation, AiU, of the
internuclear distance from its equilibrium value in the ground
state,41-42 variations in dissociation energy AZ>e,

37-41-43 and
vibrational frequencies occuring due to the ionisation.44 The MO
character can be estimated roughly by consideration of the specific
distribution of electron density in internuclear space 21 and on the
basis of difference electron density maps Ap,39 i.e. a difference
between the molecular electron density and initial atomic electron
densities.

As mentioned earlier,21-22i34~41 the contributions of the
electrons of the bonding and antibonding IVMOs to the covalent
component of the bond energy compensate each other. Thus, the
overall chemical bonding in a molecule is solely attributed to the
electrons of OVMOs. Thus, it is believed that in a diatomic
molecule AB of C^, symmetry, where A and B are second Period
elements, as a first approximation, the bonding (3a) and anti-
bonding (4a) IVMOs, which are composed of the 2s AOs of
neighbouring atoms, in the first approximation do not affect the
A - B bonding. Populations of the Ire, 5a, and 2JI* O V M O S
formed by the 2p AOs determine the total bond order. In
homonuclear molecules A2, such orbitals are classified as 2ag

and 2a* IVMOs. The corresponding OVMOs within the frame-
work of the D M symmetry point group are classified as the 1JIU,
3ag, and 1% outer valence molecular orbitals. This concept of the
negligibly small influence of the electrons of MOs formed by
doubly-occupied AOs on chemical bonding had been so widely
used that it almost became an axiom. It is represented in a number
of monographs21-34-38-39-43-44 and textbooks for college stu-
dents35-37-40-41 and school teachers.45-46 Until recently, attempts
to revise this established model have hardly been undertaken.

However, the first ab initio calculations on the CO molecule
(e.g., see review47) indicate either a weakly-bonding or antibond-
ing character of the 5a OVMO. The latter is usually used to
explain the increased vibrational frequency of the CO+ as well as
COS+ ions, where 5+ is a small charge induced upon the
adsorption of the CO molecule on electron-deficient centres of a
solid surface, compared to that of the neutral molecule. In an
attempt to tailor this fact to a simple scheme of MO formation, the
authors ** assigned the bond order of the carbon-oxygen bond as 2
instead of 3, that is determined by four electrons in the 1 JC OVMO.
It was considered that the electrons of the 3a and 4a IVMOs do
not contribute to the chemical bonding owing to the mutual
compensation of bonding and antibonding effects.

Another approach (see Refs 41, 44) implies a non-bonding
character of the 3a IVMO of the CO molecule (it is occupied by a
lone electron pair of the O atom). The triple bond in the molecule
is attributed to two electrons of the 4a IVMO and four electrons
of the Ire OVMO. In contrast, the authors of another study21

assumed that the 4a IVMO and 5a OVMO are non-bonding,
while the electrons in the 3a IVMO and 1 JC OVMO account for the
bond order 3.

Traditionally, triple bond formation in the CO molecule is
attributed to the electrons of the 5a2 and In4 OVMOs.34-43 We
should note that, according to the valence bond approach,48 the
bond order in the CO molecule is intermediate between 2 and 3
due to the contribution of resonance structures, namely, :C = :O:
and:C==:O.

Recently, attempts to quantify the bonding character of MOs
in the CO molecule have been undertaken based on division of the
total Hartree-Fock energy49 and the values of Mulliken MO
populations.50 In these studies, the 3a electrons were found to
contribute significantly to the binding of C and O atoms in the CO
molecule. Qualitative arguments in favour of the participation of
the inner valence electrons in chemical bonding can be obtained by
linear transformation of the 4a IVMO and 5a OVMO.42 It has
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been found that electrons occupying these MOs are essentially the
lone pairs, and the 3a(2ag) IVMO and 1JI(1JCU) OVMO are
involved in the triple bond formation in CO (or N2).

Studies of the electronic structure of compounds by
xpg 1-9,17-20,26-28 a^j theoretical calculations conducted at
different levels of theory 3,4,29-32,49-57 h a v e demonstrated that
the conventional concept of the dominant participation of
electrons of the OVMOs in chemical bonding is too rough an
approximation.

HI. Theoretical consideration
At present, there is no unified qualitative measure that allows the
contribution of electrons of individual MOs to the bond strength,
even for diatomic molecules, to be estimated. This quantity must
be additive.i.e. the total bond energy must be equal to the sum of
the individual MO contributions with respect to their populations.
This condition is satisfied in the Mulliken bond population theory
and in various quantum-chemical bond strength characteristics
based on division of the total molecular energy into orbital and
other components. Criteria concerned with an internuclear force,
which arise due to changes in MO populations, are also of interest.
This section discusses possible approaches to the solution of this
problem.

1. Contribution of electrons to bond populations
In this approach, the contributions of electrons to the bond
strength are estimated from Mulliken populations of MOs and
AOs.47 Within the MO LCAO approximation for a heteronuclear
molecule AB, every pair of interacting orbitals satisfies the
following equation:

1

(2±2S)1/2 (xA±xB), (1)

where \j/+ and \ji~ are the bonding and antibonding MOs
respectively, xA (zB) an atomic orbital or, more generally, a linear
combination of atomic orbitals of the atom A (B), and S is an
absolute value of the overlap integral between %A and /B . The one-
electron density in these MOs is defined as follows:

1
2(1 ± S ) ' (2)

The bonding space is an area between two planes passing
through nuclei A and B perpendicularly to the bond axis. If % is a
non-hybrid AO, then the electron densities |xA|2 and |xB|2

contribute equally to the total electron density, not only in the
bonding space, but also in the rest of space. The second term in
Eqn (2) is the charge density localised essentially in the inter-
nuclear area. Therefore, one may consider this term as a
qualitative measure of the bonding (antibonding) character of
the MO. If \j/ is the sp hybrid AO, then the first term in Eqn (2) also
contributes to the bond order. The second term integrates to the
following expression:

, AB) = = ± (3)

which is the contribution of an electron in the yth MO to
Mulliken's bond population. It follows from Eqn (3) that the
contribution of an electron in the bonding MO ty \ is positive while
the contribution of an electron in the antibonding MO \jtj is
negative and is larger in magnitude.

For diatomic heteronuclear molecules, the yth MO is
expressed as:

(4)

and the contribution of the electron in this MO to the bond
population is:

(5)

Since the contributions are additive, the total population of the
A—B bond is:

«(AB) = £>,•«(/, AB), (6)

where Nj is the population of the/th MO.
In multiatomic molecules, n(j, AB) refers to pairs of adjacent

atoms. The partial contribution of an electron on the/th MO is
defined as follows:

(7)

where the sum is taken over all the bonds.

2. Estimation of orbital character by separation of the total
energy
Different kinds of interactions within the quantum-chemical
approach are widely treated by separation of the total energy of
a multiatomic molecule into one-, two-, three-, and four-centre
components. The method of the complete neglect of differential
overlap (CNDO/2)55 serves as an example. The total energy Eu,t
within this method assumes the form:

(8)2-<
B,A

where £ A and £AB are corresponding one- and two-centre
components. The latter has the form:

= 2

where/>,,„ is referred to as the bond order, the result of interaction
of the u-AO of atom A with the v-AO of atom B; Huv are elements
of the core Hamiltonian, YAB are repulsion integrals of the
electrons of the s-type functions, ZA (ZB) is the charge of the
nucleus (the effective value is used for the valence shell), PAA 0>BB)
is the electron density of the atoms.

The first term in Eqn (9) is referred to as the resonance
energy.56 Its magnitude characterises the covalent component of
the A—B bond. The other terms denote the exchange component
of the energy, core-core repulsion energy, potential energy of
electrons of the atom A in the field of the core B, potential energy
of electrons of the atom B in the field of the core A, and energy of
electron-electron repulsion for atoms A and B respectively.

Despite the variational nature of the CNDO/2 approach, its
semiempirical character does not yield total energy values that
correspond to the results obtained with more rigorous approaches
or from experiment. However, atomisation energies and bond
energies of molecules can be estimated from components of the
total energy in Eqn. (8).57 It will be shown (see Section V.I) that
the results of CNDO/2 calculations can provide an estimate of the
bonding character of MOs. To this end, the resonance energy E%B

is separated into contributions E* of individual MOs:

(10)
A B
TV

i j
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where na is the population of the a MO, Hy the core Hamiltonian,
cia and cja are the coefficients of the fth and yth AOs in an
expansion of the a MO by atomic orbitals found from self-
consistent field (SCF) calculation, CNDO/2. The positive (neg-
ative) sign of the contribution £f to the resonance energy
corresponds to the antibonding (bonding) character of the a MO.

3. Estimation of the orbital character within the orbital force
approach
According to the Hellmann-Feynman theorem, the internuclear
force is equal to the expectation value of dH/dR, where H is the
Hamiltonian and R is the internuclear distance.

Forces acting on nuclei in a molecule are determined as
derivatives of the potential energy with respect to internal bond
lengths and bond angles or cartesian coordinates. These forces can
also be calculated from the known wave functions. Regarding a
diatomic molecule AB, the total force acting on the nucleus A is:

(11)^

where nc is the total number of electrons, R is the internuclear
distance, \i is the electron index, A is the atom index, r^\ is the
distance from the /ith electron to the nucleus A, 0^\ is the angle
between the bond direction and radius-vector of the //th electron
of the atom A, dx is the space unit. At R = Rc, FA= —F^ = Q,
therefore the second term in Eqn (11) must be equal to ZB, i.e.

(12)

This term reflects the contribution of electrons to the total
force acting on the nucleus. Within the MO LCAO approach, the
following expression is valid for each MO:

,• = R2N, (13)

where fa is the MO , iV,- is the number of electrons in the fth MO.
Subject to Eqns (12) and (13), it follows that:

(14)

where the integration is performed over the occupied MOs.
A modified orbital force fi, which determines a one-electron

contribution to the total force,17 can be introduced

This force is also additive, i.e.

(15)

(16)

F<j>j = Ej<j>j,

it follows that:

(17)

(18)

Since

F=h+G,

where h is the one-electron Hamiltonian, G is the operator of the
electron-electron electrostatic interaction, then

(19)

According to Eqn (19), ft differs from E~t only by elec-
tron-electron repulsion terms. These terms can be estimated
using the values of £|> and/; listed in Table 1.

Presumably, the second term in Eqn (19) equals/< times a
constant factor. Then Eqn (19) takes the form:

El ^f + cf, = (1 + c]fi. (20)

A correlation plot of E] versus fi using the data in Table 1
proves this assumption (Fig. 1). According to this plot, the
coefficient c equals approximately 0.23. Therefore, Eqn (20) may
be rewritten:17

El~l.23f,. (21)

1
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Figure 1. Dependence of the derivatives of the orbital energies E!t on the
orbital forces f, for: (/) O2; (2) B2; (3) C2; (4) N2 (1 at. unit =
8.24xlO-8N).1 7

The orbital forces can be substituted by £, values in a
semiquantitative estimation of the relative contributions of
electrons of individual MOs to the covalent bonding, since the
total covalent component of the bond energy of the molecule can
be represented as the sum of the orbital energies with respect to
their populations.59 Ruedenberg60 has suggested an empirical
correlation between the total covalent component of the Hartree -
Fock energy E of a molecule and the sum of the orbital energies of
the occupied MOs:

The force./; can be calculated from the derivative of the orbital E~k^
energy vs. the internuclear distance. Indeed, according to the Fock ~ ^
equation for the MO

where k is a constant.

Table 1. The orbital forces/( and derivatives of the MO energies (£,' /lO"8 N).17

(22)

Molecule 2o,IVMO 2aurVMO In,, OVMO 3ityOVMO In, OVMO

B2

c2
N2

O2

El

0.824
1.524
3.486
4.227

fi

5.257
10.086
18.087
18.573

El

-0.585
-1.162
-1.195
-1.640

fi

-1.121
-1.953
-3.123
-3.280

El

0.634
1.038
2.175
1.838

fi

2.711
5.043
8.199
8.240

El
—
—
0.709
1.129

ft

—
-
1.014
1.104

El
_
-
-

-1.607

fi

—
—
—
2.694
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From Eqn (22), nO'.AB)

(23)

Roedenberg's value •o 3/2 for k in Eqn (22) differs somewhat
from 1.23 in Eqn (21). Apparently, the coefficient in Eqn (21)
varies for series of diatomic molecules made up of elements of
different Periods. The same is valid for the constant k in Eqn (22).
Goscinsky61 also noted the approximate character of the estima-
tion of the orbital forces from E|. He suggested a technique for
calculation of the derivatives, which takes into consideration the
MO relaxation occuring during the ionisation of a molecule.
According to this approach, a force arising on nuclei due to the
removal of an electron from the fth MO equals the derivative of
the energy of the ion (i) with respect to the internuclear distance at
the equilibrium point of the initial molecule:

? dE)(R)
Ji dR

Koopmans's theorem states that

E,\R) = E(R) - Et(R),

(24)

(25)

where E(R) is the total energy of the ground state of the molecule.
Then within this approach,

/,• = E'. (26)

Taking into account MO reorganisation caused by a change in
the populations, we obtain:

ft = dR
(27)

where E\ (R) is the relaxation energy of the system upon removal
of an electron from the fth MO. A method for the determination of
the contribution of MO relaxation within the transition operator
approach has been suggested.61

The effect of relaxation is automatically taken into account if
orbital forces are determined from experimental rather than the
calculated spectral data.62 In this case, the orbital forces are
referred to as the orbital vibronic constants.63-64>65 A deforma-
tion force, which arises on nuclei upon vertical electron excitation
or ionisation of a diatomic molecule, is determined as a derivative
of the potential energy of the final state versus the interatomic
distance at the transition point. For a Morse potential we may
write 21

U(x) = £>e[exp(-2/£c) - (28)

where De is the depth of the well, ̂  is a variable parameter, and x is
the deviation of the interatomic distance R from its equilibrium
value Re. Then the classical force/ is determined as follows:

/ = -
dU(x)

dx
(29)

where JC* is the difference between the equilibrium distances in the
initial and final states.

4. Relationship between various characteristics of the orbital
contributions
Most simply, the estimation of the MO contribution to the
bonding is determined as a part of the Mulliken bond population
associated with this MO. The values of the bond populations for a
series of diatomic molecules and the values of the orbital forces for
some of them 47 are listed in Table 1. Correlation plots of the bond
population vs. the orbital force /• for the valence MOs of C2, N2,
and O2 shown in Fig. 2 yield straight lines. This reflects the
approximate character of the bond order as an index of the bond

0.5

-0.5

0.5 1.0 1.5 2.0 /,/at.unit

Figure 2. Dependence of the bond populations «(/; AB) on the orbital
forces/, for valence MOs of (7) O2) (2) N2, and (3) C2.

65

strength. We have to note that only the MO contributions to the
bond order n(/,AB) calculated within the extended Huckel
approach correlate satisfactorily with other characteristics, such
as the orbital forces/-, and the orbital vibronic constants for MOs
of the same molecule.17 The CNDO/2 calculations for N 2 , CO,
NO, O2, C2, and CN have been carried out in order to test
whether the bonding character of MOs can be estimated from
values of the orbital resonance energy.65 For the first four
molecules, the orbital vibronic constants, which had been calcu-
lated earlier from spectral data,62 were used as the bonding
indices. The values of the orbital vibronic constants for the last
two molecules were calculated from the corresponding wave
functions of OVMOs.62 The total number of data points reached
20. The correlation between the CNDO/2 resonance orbital
energies and the orbital vibronic constants has been established
(Fig. 3). Characteristically, the plot yields a straight line through
the origin of coordinates, and the correlation has the form:

= - 7 . IE (30)

where aa is the orbital vibronic constant (in 10 ~8 N) and E^ is the
resonance orbital energy in atomic units. The orbital vibronic
constants of arbitrary MOs can be calculated from the orbital
contribution to the resonance energy using this dependence. In
particular, it makes possible the determination of the orbital
vibronic constants of FVMOs for which spectral data are
currently unavailable.

Ab initio calculations of the electronic structure of molecules
N2,66> 67 CO,67-68 and a radical CH 69 have provided the values of
derivatives (JS )̂ at the equilibrium interatomic distances. Graph-
ical analysis reveals a correlation between E!a and a^ of the form:

aa/nN

\
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Figure 3. Dependence of the orbital vibronic constants a* on the orbital
resonance energies £? for: (7) N2; (2) CO; (5) O2; (4) NO; (5) CN; (<$) C2.65
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Figure 4. Correlation of the orbital vibronic constants ch. with the
derivatives of the MO energies 4 for: (7) CO; (2) N2; (3) CH.65

aa = 0.71*', , (31)

where both E^ and aa are expressed in nN (Fig. 4). Obviously,
Eqn (31) can also be applied to calculations of the missing orbital
vibronic constants. We should keep in mind that formula (31) was
derived with a limited number of data points due to incomplete
sets of experimental a^ values rather than due to the absence of ab
initio studies with varied R.62 Consequently, an examination of the
correlation between E~a and E% would be helpful for verification of
Eqn (31). This challenge is feasible since non-empirical Ea(R)
dependences have been published for a number of diatomic
molecules and the corresponding CNDO/2 values of E% can be
readily calculated. With this in mind, we appended the values of
the orbital energy derivatives from ab initio calculations for
molecular hydrides LiH, BeH, BH, NH, and HF69-70 to the list
of those for N2, CO2, and CH, so that the total number of data
points reached 32. From least-squares analysis of the data
collected

the coefficients b0 and b\ were found to be equal to 0 and - 1 0
respectively. Thus the correlation between the non-empirical
derivatives of the orbital energies and the semiempirical values
of the orbital resonance energies has the form:

£ (32)
Composition of Eqns (32) and (30) corroborates Eqn (31). Also, it
can be demonstrated that the CNDO/2 derivatives of the orbital
energies are of certain interest for the estimation of orbital
vibronic constants. Indeed, reasoning by analogy with Eqn (32),
we have

£'a(CNDO/2) = -10.9.E*. (33)

On other hand,

aa = 0.65£'a(CNDO/2). (34)

The last two dependencies corroborate additionally the
validity of Eqn (30). It can be deduced from Eqns (33) and (34)
that the non-empirical and CNDO/2 values of E ,̂ correlate. The
dependence presented in Fig. 5 confirms this expectation.

According to the data mentioned above, derivatives of the
orbital energy versus the internuclear distance can serve as an
estimate of orbital vibronic constants in diatomic molecules.17 It is
not surprising that CNDO/2 values are successfully used on even
terms with non-empirical data since the initial parametrisation of
the semiempirical method employed ab initio data for small
molecules. At the same time, the derivatives Efa obtained in terms
of the extended Hiickel method correlate with the orbital vibronic

Figure 5. Correlation of the derivatives of the orbital energies E\
obtained from ab initio calculations with those, £2. obtained from SCF
CNDO/2 calculations for N2, CO, CH, LiH, BeH, BH, NH, and HF.70

constant to a lesser extent although satisfactory results can still be
obtained in certain cases. The same holds for the correlation
between the orbital vibronic constants and the Mulliken orbital
populations (Fig. 6).
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Figure 6. The orbital vibronic constants aa for the CO molecule as
functions of the bond strength indexes calculated within the extended
Hiickel approach: (7) n(j\AB); (2) &."

IV. The structure of X-ray photoelectron spectra
X-Ray photoelectron spectroscopy is based on the photoeffect.1

Under exposure to exciting X-ray radiation, e.g., MgAai,2, photo-
electrons with kinetic energy of up to ~ 1.2 keV are emitted. The
electron energy is measured to an accuracy of 0.1 eV. As a result,
the binding energies (electronic work functions) of inner and outer
levels of the coumpound under examination can be determined up
to a constant factor from the Einstein equation.

An X-ray photoelectron spectrum represents the number of
photoelectrons (peak intensity / expressed in relative units)
plotted against the binding energy Eb (in eV). To enable compar-
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ison of X-ray photoelectron spectra, they are calibrated against a
known value of the binding energy Eb of electrons of a certain shell
of a standard substance, e.g., gold (Au 4f7/2).

The X-ray photoelectron spectra of the compounds to be
discussed in this review were obtained in the gas phase' and solid
state.17"20 High-resolution spectra of solid compounds are
usually obtained with the monochromatic AlAai,2 (1486.6 eV)
characteristic X-ray radiation and a low-energy electron gun.
Samples are usually prepared as dense layers precipitated from
inert solvents or depressed on an indium support. Experiments are
carried out either at ambient or liquid-nitrogen temperatures. All
the spectra discussed are reduced to the same scale in which the
binding energy Eb of the C Is electrons in hydrocarbons was set
equal to 285.0 eV (except for gas-phase spectra).

Fine structures in X-ray photoelectron spectra are often
interpreted using calculations of the electronic structure of
molecules and clusters performed mainly by non-relativistic SCF
methods, namely, the SCF CNDO/2, SCF Xa-SW,29- »•71 - 7 5 and
SCFXa-DV.31-32-76"80

The formation of FVMOs between neighbouring atoms
requires that:

(a) the energies of the corresponding filled AOs are compar-
able;

(b) these AOs possess the same symmetry type with respect to
the interatomic axis;

(c) the interatomic distance is sufficient for effective overlap of
these AOs.17 '21-81-85

According to (a) and (b), it is anticipated that IVMOs
effectively form in homonuclear molecules, and, with (c) satis-
fied, IVMOs can form in heteronuclear compounds too.

Such difficulties as fast oxidation and decomposition of
highly-reactive compounds as well as the influence of aggressive
species, e.g. F2, CI2, etc., on units of the spectrometer often arise in
XPS studies of these compounds, for which the formation of
FVMO is expected. Generally, these difficulties are not fundamen-
tal since the current level of the experimental technique is
sufficient to overcome such problems. However, XPS studies are
preferably performed with stable inert compounds to obtain the
most reliable results. It is the main factor that defines up to now
the set of available spectra of homo- and heteronuclear com-
pounds.

We should also mention that solid compounds form a lattice
where electronic states are described in terms of the band
structure. In a certain approximation, the bands represent MOs,
thus they reflect the electronic structure of clusters typical of a
given compound in the solid phase. This seems to be quite
admissible for the less-delocalised core electrons, and the corre-
sponding peaks in X-ray photoelectron spectra are broadened.
Such broadening due to effects of the solid lattice gives maxima,
attributable to the band structure, which are referred to as peaks
for the sake of simplicity and attributed to electrons of individual
clusters.

In this review we discussed X-ray photoelectron spectra of
compounds of group IVA-VIIA elements, lanthanide oxides and
fluorides (except for Pm compounds), and a wide range of actinide
series compounds.

1. Manifestation of inner valence molecular orbitals in X-ray
photoelectron spectra

a. Homonuclear molecules and clusters of group IVA-VIIA
elements
X-Ray photoelectron spectra of solid compounds under consid-
eration reveal a fine structure occurring in the low-energy region.
Since the electronic configuration of these elements is ns^njf",
where 2 < m < 5, this fine structure can be concerned consider-
ably with the interaction of ns electrons. A simpler fine structure
appears in the spectra of gaseous diatomic molecules of these
elements (Fig. 7). In this case, on the one hand, homonuclear
molecules provide the most favourable conditions for IVMO

OVMO

<(2s)

og(2s)

to

50 40 30 20
£b /eV

10

Figure 7. The X-ray photoelectron spectra of pyrographite
(£b(Cls) = 290 eV) (a)25 and gaseous N2 (6),1 O2 (c),1 F2 (d),23 and
I2 (e).24 The bond lengths (in A) are 1.42 (C-C), 1.098 (N = N), 1.207
(O - O), 1.417 (F - F) and 2.666 (I -1 ) .

formation; on the other hand, rigorous theoretical studies of the
electronic structure of these compounds can be performed and
interpreted relatively easily.

The results of the CNDO/2 and Xa-DV theoretical calcula-
tions '.32.51,56,86,87 for t i , e jyj2 m o i e c u i e ) establish that the two
most intense low-energy peaks in the X-ray photoelectron spectra
of this molecule, separated by 18.7 eV, are associated essentially
with the electrons of the antiboding 2cr* and bonding 2ag IVMOs.
The calculated gap (AJ?theor) between the binding energies of
electrons of the 2og and 2a* IVMOs in the N2 molecule equals
16.9 eV (Xa-DVM) and 18.1 eV (CNDO/2) at the equilibrium
distance ^ = 0.109 nm.51-56 The fine structure of the X-ray
photoelectron spectrum of N2 theoretically modelled at the SCF
Xa-DVM level (bond length if = 0.106 nm, A£ui«>r= 18.59 nm) is
shown in vertical lines below the experimental spectrum (Fig. 7 b).
The scales of the experimental and theoretical spectra do not
match; the binding energy differences of the N Is electrons are not
equal (|£eip(N Is) - £u,eor(N ls)\ = 7.5 eV). Additional peaks {A,
B, and C) attributable to multielectron effects, characteristic
losses, and MgKa3,4 excitation appear in the X-ray photoelectron
spectrum of N2.1 The spectrum of the weakly-bound electrons of
the nitrogen molecule is an examplary demonstration of IVMO
formation in molecules.
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The spectrum of the O2 molecule provides yet another
example.1 In the low-energy region of its spectrum, as in the
spectrum of N2, two peaks associated with electrons of the 2ag and
2a*u IVMOs appear; the binding energy gap &Etxp between them
equals 14.3 eV (Fig. 7 c). These IVMOs to a great extent consist of
the O 2s AOs. Since O2 is paramagnetic, multiplet splitting of the
electronic states appears in the spectrum. Thus, every peak except
for one of the 71*, electrons is split into two components corre-
sponding to the 2 2 ~ ̂ II) and 4Z ~ (4I1) possible electronic states of
the system after electron photoemission. Additional peaks {A,
B,...) associated with multielectron effects, characteristic losses,
and the MgK^^ excitation are present in the O2 spectrum as well
as in the spectrum of N2.1 The theoretically predicted spectrum
obtained within the framework of the SCF Xoc-DVM approach32

is represented by vertical lines in Fig. 7 under the experimental
one.

Theoretical predictions of X-ray photoelectron spectra of
diatomic molecules, namely N2, CO, O2, NO, etc., taking into
account multielectron effects demonstrate that configuration
interaction somewhat complicates the spectra calculated within
the one-electron approximation.1 However, one-electron spectra
can be used in considering the IVMO formation since they are
much like the experimental spectra.

The binding energy difference between electrons of the 2ag

and 2a* IVMOs in the F2 molecule is essentially smaller than those
in N2 and O2 and equals A£exp = 4.28 eV.23 The results of the SCF
Xa-DV calculation32 of the electronic structure for the F2

molecule (Ai?theor = 5.6 eV) are shown in Fig. Id and compared
with the experimental spectrum. Another detailed study on the
IVMO formation in the F2 molecule, in which the contribution of
the IVMO electrons to the bond energy was estimated, was
accomplished at the SCF Xa-SW level of theory.73

There is a slight difference between the low-energy part of the
spectrum of molecular iodine in gaseous and condensed states.24

In the region of the I 5s electrons (~ 15 eV-35 eV), two broad-
ened peaks are present in both spectra.24 These peaks are
attributed to the ag and a* IVMOs that refer to the I 5* -5s
interaction. The energy difference between these IVMOs is of
about 8 eV (see Fig. 7), although the bond in the I2 molecule is
relatively long (JRe = 0.2666 nm) to result in such a considerable
difference in energy. Therefore, it was hypothesised17 that the
energies of these IVMOs differ much less and the peaks associated
with them appear at around Eb = 19 eV. However, this assumption
still has to be confirmed by theoretical calculations.

The calculated electronic structure of the C2 molecule88

implies also an essential feature of the C 2s-C 2s overlap
resulting in the formation of the 2ag and 2a*, IVMOs. At the
interatomic distance Rc = 0.1242 nm, the binding energy differ-
ence between electrons of the 2ag and 2a* IVMOs is 18.2 eV,
which substantially extends the energy range of the X-ray photo-
electron spectrum of C2 compared to the atomic spectrum of
carbon. This accounts for a larger width (~ 25 eV)17-25 of the low-
energy band in highly-oriented pyrolitic graphite (Fig. 7 a) and
diamond compared to the width of the valence band in solid Si and
Ge, which possess the diamond-type structure.17 Since the X-ray
photoelectron spectra of graphite and diamond recorded in this
region are essentially associated with the C 2s electrons,17-25 it was
postulated 88 that the base of the valence band is strongly lowered
due to the IVMO formation by the C 2s AOs.

Peaks attributed to electrons of the IVMOs arising mainly
from the ns - ns interaction are also present in X-ray photoelectron
spectra of other homonuclear compounds of Group IVA-VIIA
elements (see Refs 17,52,72 and Figs 8 and 9). The binding energy
difference between the electrons of the IVMOs decreases as the
atomic number Z increases.17-20 In other words, the character of
the IVMOs is getting closer to that of the inner (core) MOs, i.e. the
overlap between occupied and vacant valence AOs decreases. A
similar tendency in the formation of IVMOs is observed when the
atomic number insreases in a Period.
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Figure 8. The X-ray photoelectron spectra of red phosphorus (a), As
(b),n Sb (c), and Bi (d) in the solid state.72 Here and elsewhere the CMO
and IVMO spectra are not calibrated in terms of intensity. In this case, for
phosphorus, the intensity of the CMO spectrum is 15 times that of the
IVMO one; the intensity of the CMO spectra of As, Sb and Bi is 20 times
that ofthelVMO one.

IVMO OVMO
S 3 J

a in
1.7eV

240 220 20 10

3.4 eV Se4s

-i-ir

2.0 eV Te5*

180 170 160

Figure 9. The X-ray photoelectron spectra of solid S (a), Se (b), and
Te (c).52
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b. Heteronuclear compounds of group IVA-VIIA elements
In some cases, the very fact of the formation of FVMOs in
heteronuclear compounds as well as in homonuclear ones can be
established definitely on the basis of characteristics of the fine
structure in their X-ray photoelectron spectra. It becomes feasible
since FVMO formation does not lead to an appearance of separate
peaks, but to a complex fine structure in the energy range of
~15 eV to ~50 eV of the X-ray photoelectron spectra of a
heteronuclear compound. Separate peaks can often be classified
as being associated with the electrons of FVMOs based on the
cooperative analysis of characteristics of the fine structure in
spectra of inner and outer electrons. The X-ray photoelectron
spectra can then be interpreted qualitatively in terms of group
theory. However, in certain cases, especially if electrons of AOs
contributing to the IVMOs have significantly different photoio-
nisation cross-sections, a rigorous assignment of the peaks
attributed to these MOs can be performed with the aid of
theoretical calculation. Thus, the O 2s peak in the X-ray photo-
electron spectrum of SiO2 has a shoulder on its high-energy slope
and it is significantly broadened (Fig. 10). This structure of the
spectrum of O 2s cannot be attributed to the participation of the
oxygen atoms in different types of chemical bonding since the
spectrum of O Is electrons consist of one, relatively narrow peak.
The electronic structure of the Si2C>7~ cluster calculated at the
SCF Xa-DV leveln points to a noticeable interaction between the
electrons of the Si 3s and O 2s AOs resulting in IVMO formation
(Fig. 10). This result agrees with published data.33

A complex structure is observed in the F 2s region of the X-ray
photoelectron spectra of compounds [CpMn(CO)2NO]+PFj,
[CpMn(CO)(NO)PPh3]+PF6, and [CpMn(NO)(PPh3)2]+PF6,
where Cp is cyclopentadienyl (Fig. 10).17 This structure cannot
be attributed to the fluorine atoms with different effective charges
since the F Is electrons are represented with one symmetrical,
relatively narrow peak. Thus, it was suggested n that the structure
of the F 2s peak of the PF^ cluster can be partially assigned to the
interaction between the F 2s and P 3s AOs resulting in IVMO
formation.

An analogous peak profile is observed in the F 2s region of the
X-ray photoelectron spectrum of SF6. Its three components are
identified as the \a\g, \t\u, and \eg MOs (in descending order of
the absolute energy values).1 These orbitals comprise the F 2s and
S 3s, F 2s and S 3p, and F 2s and F 2p AOs to an extent of 64 and
33,77 and 20, and 98 and 2 percent respectively. Since the electron
configurations of sulfur {3s23/>4} and phosphorus {3s23p3} atoms
are similar, the X-ray photoelectron spectrum of the PFg cluster
has been interpreted by analogy with the SF6 spectrum.

Instead of an expected single peak, two peaks of electrons of
the lai and U2 IVMOs are observed in the X-ray photoelectron
spectrum of gaseous CF4. These MOs consist of the F 2s and C 2s
AOs to an extent of 69 and 27, and 82 and 15 percent respectively.
A fine structure associated with electrons of the filled AOs, which
take part in the IVMO formation, also appear in the X-ray
photoelectron spectra of NO, CO, CH3OH, H2O, and H2S.' It
has been noted74-89 that the structure of the O 2s region of the
X-ray photoelectron spectra of the MO oxides, where M denotes
Ca, Sr, and Ba, is associated with the IVMOs made up partially of
the M np and O 2s AOs of neighbouring atoms. This is consistent
with the results of an electronic structure calculation for the
CaO6°" of Oh symmetry (the SCF Xoc-SW method was used).74

The interpretation of fine structure in the low-energy region of
the X-ray photoelectron spectra of La-, Y-, Bi-, and Tl-based
high-temperature superconductors 9 ° - 9 2 has revealed that IVMOs
form in these due to interaction between the O 2s AOs and the
closest-in-energy-shell of metal atoms in these compounds.
Previously,93-94 the fine structure in the X-ray photoelectron
spectra of these compounds led to the hypothesis that all the
elements in high-temperature superconductors possess shells with
energies close to that of the O 2s AO. Then, by correlation of the
oxidation state of metal ions with their radii, the range of elements
that can form HTSC has been defined.93
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Figure 10. The X-ray photoelectron spectra of SiC>2 (a) and the manga-
nese organometallic compound [CpMn(CO)2NO]+PFJ (b). Vertical lines
show the theoretically predicted spectra of the outer electrons.17

c. Lanthanide compounds
With all other conditions satisfied IVMO formation also requires
that the energies of the corresponding occupied AOs of neigh-
bouring atoms are comparable.21 In this connection, lanthanide
compounds are of great interest since the energies of Ln 5p (where
Ln designates a lanthanide element) and O (F) 2s orbitals are close
in magnitude. As the atomic number increases from 57 (La) to 71
(Lu), the binding energy of the Ln 5^3/2 electrons in lanthanide
oxides ranges within the limits from 17.7 to 27.5 eV.19 The binding
energies of the O 2s electrons (~21 eV) fall approximately in the
middle of this interval. All lanthanide oxides from La to Lu
(except for Pm) have been studied by XPS.19 '78-80

The structures of the oxides vary in a series, and, in certain
cases, the oxidation states of metal atoms vary too. Therefore, two
sets of isostructural lanthanide compounds, viz. o-methoxyben-
zoates and diphenylacetates, have been studied (for all but
promethium compounds) to solve the problem of IVMO forma-
tion (Fig. 11).19 These compounds are non-hygroscopic, stable in
high vacuum, and insensitive to exciting X-ray radiation. There-
fore one could expect that the compounds considered do not
undergo structural changes and decomposition during the spectra
collection.

Together with the expected separate peaks of Ln 5p3/2,i/2 and
O 2s electrons, a fine structure is observed in the region of the
binding energies of Ln 5p and O 2s electrons in the X-ray photo-
electron spectra of all the compounds studied (Fig. 11). The most
complex fine structures are observed in the mid-row lanthanide
oxides since in this case the Ln 5p and O 2s AOs are closest in
energy.4-5 Theoretical calculations for various Ln—O bond
lengths have been performed for clusters LnO"" and LnOjj~ of
C3v and Did symmetry types respectively at the SCF Xa-DV level
and for a cluster LnO3 of Dih symmetry type at the SCF Xoc-SW
level of theory. The results obtained support the assumption that
the fine structure in the spectra of lanthanide compounds is partly
associated with interaction of the Ln 5p and O 2s shells resulting in
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Figure 11. The X-ray photoelectron spectra of La (a), Eu (6), and Lu (c)
(LnL3) o-methylbenzoates. Vertical lines represent the theoretical metal 4/
spectra.4
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Figure 12. The IVMO diagram (a), dependence of the energies of the
IVMOs, which consist of the Ln Sp and O 2s AOs, on the atomic number of
the lanthanide element (b) for the cluster LnOl" (symmetry group D3*).4
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IVMO formation (Fig. 12). However, the calculations 4 performed
do not take into account the relativistic effects, and the cluster
LnO3~ does not exactly represent the structure of the oxygen-
containing compounds under consideration. Therefore, a direct,
quantitative comparison of the theoretical and experimental
results is not possible. However, the very fact of IVMO formation
can be proved by the calculation results.

Spectra of lanthanide fluorides also exhibit fine structure in
the region of F 2s electrons.19-82 These structures cannot be
attributed to the presence of fluorine atoms in different oxidation
states since only one relatively narrow peak corresponds to the
F Is electrons in the X-ray photoelectron spectrum. It was
therefore assumed that the structure observed is concerned with
the IVMO electrons.19-82 The results of the SCF Xot-DV calcula-
tion95 of the electronic structure for cluster LaFfj" of D3h

symmetry group agree qualitatively with these experimental data.

d. Actinide compounds
In XPS studies of actinide compounds, much attention has been
paid to uranium compounds. It is on the basis of their X-ray
photoelectron spectra that the most interesting conclusions on the
role of the An 5/ electrons (where An is a actinide element) in
chemical bonding in actinide compounds96 and on the contribu-
tion of the low-energy filled subshells to the bonding have been
derived.2-3-6-18-78

It is most convenient to consider the participation of the U 5 /
electrons in chemical bonding with stable uranium oxides as an
example. Uranium dioxide UO2 has a fluorite-type (CaF2)
structure, while the trioxide UO3 is built up of planar networks
of tetragons centered with nearly linear uranyl UO2+ fragments.18

This fragment serves as a basis for many oxygen-containing
uranium compounds with various ligands in its equatorial plane.
Special attention is drawn to the low-energy part of the X-ray
photoelectron spectra of these compounds.

A high extent of localisation of the non-bonding U 5/
electrons on the uranium atoms in UO2 has been suggested from
a neutron diffraction study.97 The electronic configuration of the
U atom in UO2 is {Rn} Sf2, where {Rn} is that of the Rn atom in
the ground state. This conclusion has been corroborated with
XPS18-96 and theoretical studies.3-31-54

A rather narrow peak corresponding to the U 5/electrons is
found near the Fermi level in the X-ray photoelectron spectrum of
UO2 (Fig. 13 a). This peak is absent in the spectrum of Y-UO3, but,
instead of separate peaks of the U 6/73/2,1/2 and O 2s electrons, a
fine structure is observed in the region of the U 6p and O 2s
electrons. Binding energies of the electrons that account for
different components of the spectrum change with variation in
the U—O bond length in the UO2,"1" fragment of various com-
pounds. In particular, the difference in energies between the
components in the U 6/73/2 region of the spectra is the most
convenient for measurements. This difference may serve as a
measure of the bond length Rv-o in the UO2"1" fragment of
various compounds.2-3- *-l4> 18> 76> 85

The X-ray photoelectron spectra of UO2, UF 4 , and other
non-uranyl compounds do not exhibit such a complex structure in
the region of the U 6/13/2 electrons. Therefore, the fine structure
observed in this spectral interval cannot be attributed to the
dynamic effect.18 Also, the most intense peak of this structure
cannot be explained by multielectron excitation. The latter give
rise to so-called 'shake-up' satellites of relative intensity of ~ 20%
with respect to that of the major peaks in the spectra of inner
electrons. The structures of the low-energy part of X-ray photo-
electron spectra of uranyl-containing compounds differ essen-
tially in relative intensities of the constituent peaks, their energy
distribution, and relative distances from the structure associated
with multielectron excitation and observed in the inner electron
spectra of these compounds.78 The presence of two components in
the U 6/M/2 and O 2s region of the spectrum of y-UO3 (see Fig. 13)
is not consistent with the splitting of the U 6/73/2 component in the
crystal field.14
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Figure 13. The X-ray photoelectron spectra of uranium oxides UO2 (a)
and Y-UO3 (b) and the corresponding energy levels calculated at the SCF
Xa-SW level of theory.3

Experimental data2 '3-6-78 '83 and the results of theoretical
studies performed within the framework of the SCF Xa-SW 3-29

and SCF Xa-DV30 approaches demonstrate that the complex
structure in the U 6p and O 2s region of the spectra is concerned
with the IVMOs that comprise U 6s, U 6p, and O 2s AOs.

The spin-orbit splitting energies of the U 6p and Th 6/7 levels
differ for the corresponding fluorides, oxides and pure metals
(Table 2).98"101 The variation in the splitting of the level under
discussion for Th and its compounds is not attributed to a

50 40 30 20
£b/eV

10

Figure 14. The X-ray photoelectron spectra of weakly-bound Th elec-
trons in TI1F4 (a), TI1O2 (6)81 (solid vertical lines represent the electron
energies for the cluster ThOg2" of the O« symmetry),54 thorium nitrate (c)
(dashed lines represent the experimental spectrum of H2O.1 The designa-
tion of the molecular orbitals of NO3 (D31, symmetry group) are shown at
the top).

coincidence of the Th 6p peaks and neighbouring ligand peaks
since the effect should be reversed in that case (Fig. 14). The

Table 2. The binding energy difference A£t, between subshells in Th, U, and their compounds.76

Metal or
comDound

ThO2

ThF4

A£b/eV

6p3/2-6p^

9.0
8.5
7.2

Th(NO3)4-4H2O -
Th

Ththeor

UO2

UF4

U

Utheor
Y-UO3

7.5
7.9
9.2

10.5

10.6
-
11.7
10.0
10.0
10.4
—

" A£b = E*MniUji-EhMnklkjk.

6^3/2 — 6^1/2

25.4
-
26.1
25.3
—
24.8
28.7

27.6,
29.4
27.8
28.2
-
-
27.1
31.0
-

6P3/2-4/i/2

317.8
317.6
318.2
317.4
316.6
316.5
318.8

362.5

362.5
362.6
362.8
360.6
360.6
360.9
363.0,
366.7

6.S1/2—4/7/2

292.4
—

291.1
292.1

—
291.7
290.1

335.3,
333.5
334.7
334.4

—
—

333.5
329.9

—

54s/2-4/7/2

248.0
247.9
248.1
248.0
247.6
247.7
248.0

283.6
_

283.8
283.6

—
283.0
283.2
283.0
284.0

X2.1/2-XU,/

508.2
508.0
655.7
506.6

_
_

-

507.2
_

507.9
655.7
655.4

_

_
505.9,
508.1

Ref.

2

17
98
17
17
17
98
99

17

98
17

100
17
78
79
17
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Figure 15. The X-ray photoelectron spectra of weakly-bound electrons of
Cs2NpO2Cl4 (a), Cs3NpO2Cl4 (b), and CS2UO2CL, (e) single crystals.103

IVMO OVMO

O2s

Figure 16. The X-ray photoelectron spectra of weakly-bound electrons of
CS2PUO2CL, (a), Cs2UO2Cl4 (b), and CsCl (c) single crystals.103

multiplet splitting effect also does not account for this splitting as
long as these compounds are diamagnetic. Extensive experimental
data ' ~8 show that spin-orbit splitting of inner levels of metal ions
depends slightly on the properties of their ligand environment.
With this in mind, it was suggested that electrons of the low-energy
subshells of Th and U are affected by the chemical bonding in
these compounds and take part in IVMO formation.

It is evident from general considerations that, for example,
IVMO formation by the Th(U) 6p and O 2s AOs lowers the
binding energy of the Th(U) 6/73/2 state, etc. It has been
mentioned18 that other effects that shift the energy of low-energy
AOs can affect MO formation. Such shifts can be most rigorously
detected if the difference in binding energy between the inner
valence electrons and deep-lying electrons of core atomic shells in
Th and U and their compounds is considered (Table 2). These data
accord with the participation of at least Th(U) 6/̂ 3/2 electrons in
chemical bonding in the compounds under discussion.

The binding energy difference between the Th 5ds/2 and 4/7/2

inner atomic levels is the same for thorium and its compounds
within the standard error of measurement. Thus, the essentially
increased energy difference between the Th(U) 6/>3/2 and
Th (U) 4/7/2 electrons in Th compounds compared to that in Th
metal is a fairly reliable criterion of the contribution of the
Th (U) 6/>3/2 and F (O) 2s electrons to the chemical bonding in
thorium (uranium) oxides and fluorides.81-101 It has been noted18

that this difference can be measured most accurately since the
corresponding peaks are relatively narrow and hardly overlap
with other peaks. Calculations have confirmed a significant
participation of the fully occupied Th (U) 6p and O 2s AOs in
the formation of IVMOs in uranium and thorium dioxides.31-54

To establish experimentally the formation of IVMOs by An 6p
and O 2s AOs in compounds containing AnO2.* groups, a series of
isostructural single crystals of U, Np, and Pu compounds
(CS2UO2CI4, Cs3NpO2CLt, CS2NPO2CI4, CS2PUO2CI4) and poly-
crystalline samples of Np compounds (Cs2NpO2(CH3COO)3,
RbNpO2(NO3)2-2H2O, NaNp^CHsCOOb) 1 0 2" 1 0 4 have been
studied by XPS. From analysis of the spectra of the low-energy
and inner electrons of these compounds in the X-ray photo-
electron spectra of the corresponding oxides and cesium chloride
as well as the photoionisation cross-section,105 it has been
concluded102"104 that IVMOs form in the compounds of Np
and Pu considered as well as in uranyl compounds. The inner
valence electrons account for the fine structure in the low-energy
region of the X-ray photoelectron spectra of these species (Figs 15
and 16). These results are in satisfactory agreement with the
results of electronic structure calculations for clusters AnO|+

(An = U, Np, Pu) of Doo/i symmetry within the framework of
non-relativistic SCF Xa-SW104-106 and relativistic107-108

approaches as well as clusters AnO2Cl4~ (An = U, Np, Pu) at the
relativistic Xa-DV level of theory.111 The structure of the X-ray
photoelectron spectra of the 'new product' from the Chernobyl
nuclear plant109 and americium nitrate'10 are also consistent with
these results.

It follows from the examples considered in this Section that
IVMOs form effectively in compounds of any elements of the
Periodic Table if certain conditions are satisfied.

2. Relationship between die structures of compounds and the
structures of their X-ray photoelectron spectra
The interpretation of fine structure in an X-ray photoelectron
spectrum concerned with IVMOs often utilises not only experi-
mental data, but also results of rather tedious and complicated
calculations of the electronic structure of the compound within the
framework of the Xa- and other methods that require powerful
hardware.32-106~108 However, the correct model cluster cannot be
always chosen at once. In some cases, only approximate data on
the structure of the compound are available (especially for
amorphous ones). All these factors increase the CPU time
required to execute the calculations of the electronic structure.
Therefore, qualitative information on the structure of the com-
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pound under study obtained from its spectrum is rather helpful,
e.g. see Ref. 109.

Several reasons account for the importance of this informa-
tion. First, reliable information defines a range of species where
the formation of IVMOs is expected, thus more precise laborious
calculations can be accomplished for them in order to examine the
contribution of the IVMO electrons to the chemical bonding.
Second, this is useful when relativistic effects are to be taken into
account in the interpretation of the spectrum. Third, a possible
qualitative interpretation of fine structure in X-ray photoelectron
spectra extends the scope of X-ray photoelectron spectroscopy for
applied studies of the physicochemical properties of mat-
tg,. 6,78,109

From the standpoint of group theory, it is expected that fine
structure in an X-ray photoelectron spectrum attributed to the
IVMO electrons reflects the local environment of the specified
atom. The structure of the X-ray photoelectron spectrum is
determined by the symmetry point group of the cluster compris-
ing the central atom and the ligands from the closest coordination
shells. It is also obvious that the distance between the peaks
corresponding to the electrons of different IVMOs must depend
on the bond lengths in the cluster. If the IVMO-associated
structure in the spectrum is pronounced, then the relative
positions of the ligands with respect to the central atom can be
easily determined. 17 .2°.78 Estimation of the contribution of the
electrons of the inner closed shells to chemical bonding can also be
performed. With an experimental or theoretically predicted
correlation of the binding energy of the IVMO electrons with the
bond lengths in the specified cluster, e.g., UO|+ , available, the
bond lengths in the UO2"1" fragment in any compound or on a solid
surface can be determined.18 It has been mentioned20-85 that
information of this kind for amorphous compounds cannot be
obtained with the same ease since X-ray diffraction cannot be
applied for bond length determination in them. Thus, if bond
lengths in a cluster have not been determined, then the calculation
should be carried out for a certain range of expected distances. We
shall consider these points with examples.1-17-20-78

As has been mentioned above (see Section IV.1), the simplest
fine structure is observed in the spectra of diatomic molecules N2,
O2, F2, and I2 (Fig. 7). Two filled ns AOs form two IVMOs, one of
them, in accordance with conventional quantum-chemical nota-
tion for the two-level system, is formally referred to as the bonding
nag MO, and the other as the antibonding no* MO.21 A
considerable energy difference between these two IVMOs
(18.7 eV in N2) points to a significant interaction of electrons of
doubly-occupied levels. We should note that, up to the present, the
maximum reported to date energy difference is that between nal
and nag IVMOs observed in the X-ray photoelectron spectrum of
jsj2 i,5i,56 DeSpite configuration interaction complicating the fine
structure in this region of the spectrum,86-87 the peaks correspond-
ing to the electrons of these orbitals are easily distinguished from
others (Fig. 7).

The interaction between the electrons of subshells of carbon
atoms in the planar layers of pyrographite is of more complex
character, therefore, the spectrum of C 2s electrons does not
exhibit a sharp fine structure associated with a system of IVMOs
(Fig. 7 a).25 Nevertheless, the spectrum shows interaction between
the C Is electrons of neighbouring atoms. This interaction
manifests itself in the appreciable broadening of the valence
band88 compared with that in the spectra of weakly-bound
electrons in solid Si, Ge, and Sn possessing analogous structures.'7

Fine structures are observed in the as region of the spectra of
solid P, As, Sb, and Bi (the electronic configuration of atoms is
{nAy?3})72 as well as in solid S, Se, and Te (the atomic electronic
configuration is {n^n/p4}) (Figs 8 and 9).52 It is known that, in
solid sulfur, atoms are arranged in 8-membered twisted rings, and,
in solid Se and Te, atoms form linear zigzag chains.52-72 A diagram
of the energies of IVMOs consisting of the occupied as AOs versus
the number of atoms in a planar closed ring or linear chain has
been constructed (Fig. 17).52 These models are closely related to
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Figure 17. Dependence of the IVMO diagram on the number of atoms in a
molecular system (Ec denotes the energy of the ring system, £1 the energy of
the linear system, V a relative (Huckel) energy unit).52

the real picture. The number of fully-occupied IVMOs increases
with the number of atoms k in the ring. The closest agreement
between the theoretical and experimental spectra of S 3s electrons
is reached at k = 8. The spectrum considered comprises five peaks
in a 1:2:2:2:1 ratio which agrees satisfactorily with the exper-
imental data (see Fig. 9). The linear-chain model does not explain
the structure of the spectrum of S 3s electrons in solid sulfur. At
the same time the predicted and experimental spectra of Se As and
Te 5s electrons best fit a linear model with small even k (see Figs. 9
and 17).52 The Se 4s and Te 5s spectra of ion-bombarded surfaces
of solid Se and Te reveal a single relatively narrow peak17-52 with
the concurrent disappearance of two peaks, which indicates
atomisation of Se and Te on the samples' surface, i.e. the
weakening of chemical bonding between neighbouring atoms.
This phenomenon may be useful for practical study of radiation-
induced damage and defects.

A dependence between the difference AEb in binding energies
of the IVMO electrons and the bond length Rx-x in solid Se, Te,
As, Bi, etc. has been revealed (Fig. 18). A linear correlation of A£b
with Rx-x suggested previously11 has a purely illustrative
significance.

In transition 3dmetal disulfides and diselenides, the sulfur and
selenium atoms form clusters x |~ with a marked interaction
between the X ns electrons of neighbouring atoms.16 Two peaks
associated with electrons of IVMOs are therefore present in the
S 35 and Se As X-ray photoelectron spectra.16 An analogous
phenomenon is observed in the X-ray photoelectron spectrum of
CuP2, where, instead of a single peak, two peaks separated by
~ 4.5 eV are present in the P 3s region of the spectrum. It has been
noted16 that these two peaks are concerned with the interaction of
P 3s orbitals. For the S2 cluster, a qualitative agreement between
the theoretical and experimental dependences between the binding
energy difference A£t, of inner valence electrons and the bond
length /?s_ s has been found (Fig. 19). The theoretical dependence
obtained within the framework of the CNDO/2 method17 differs
by about 3 eV from the experimental one.

Cluster models can be used to illustrate the correlation of the
energy and structure of IVMOs in lanthanide compounds with the
structure of the local environment of the metal atom and the
distances /?Ln-x to the nearest atoms. Within the non-relativistic
approximation for the cluster LnO^" of D3b symmetry, the IVMO
spectrum associated with the Ln 5p and O 25 AOs corresponds to
four energy levels. The highest and lowest ones are the two-fold
degenerate le ' and 2e' IVMOs, and the two others are the quasi-
atomic la? and la'[ IVMOs (Fig. 12a).4 The energies of the le '
and le' MOs must depend on the bond length /?Ln-o to a greater
extent than those of the \d{ and \a'[ MOs. The dependence of the
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Figure 18. Dependence of the energy gap A£b between the IVMOs, which
consist of the ns AOs, in solids on the bond lengths R. An equation
A£b = 8.0 — 2.2/? is in qualitative agreement with results of studies
described in Refs 52, 72 (1) and Ref. 11 (2).
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Figure 19. Dependence of the binding energy difference between the 3a*u

and 3CT? I V M O S associated with the S 3s AOs on the bond length Us-s in
the S|~ cluster of the 3d transition metal disulfides: (7) experiment;16

(2) theoretical results.52

energies of these MOs on the atomic number Z of the central 4 /
element has been calculated for various Ri^-o values at the SCF
Xot-SW level of theory (Fig. 12 b).4 The energy was calibrated with
respect to the energy of the quasiatomic la\ FVMO associated
mainly with the O 2s AO.

The structure of IVMOs for cluster LnO3" obtained in terms
of group theory is in qualitative agreement with computational
results.4 The IVMO structure for clusters LnOy1" (symmetry
group C3v) and LnOjs" (symmetry group Did) is different.78"80

Electronic structure calculations for lanthanide compounds
within the relativistic approach would enable more precise
quantitative comparison of theoretical and experimental data.

Oxygen-containing actinide series compounds are the species
structural information on which, namely the structure of the local
environment of the metal atom and its oxidation state, can be
determined from the fine structure corresponding to electrons of
IVMOs in their X-ray photoelectron spectra.3-6- "•18-8S-106-I07-'''
Most clearly this can be illustrated with the spectra of uranium
compounds. The results of calculations demonstrate that taking
into account the relativistic effects leads essentially to the strong
splitting of the U 6/M/2 component of the doublet and hardly
affects the energy of the U 6p3p, electrons.31 Thus, the inter-
pretation of the spectrum in the region of the U 6py2 and O 2s
electrons can be carried out within the non-relativistic approach.3

Substantially different structures of uranium dioxide and
trioxide give rise to a fundamental distinction in the spectra of
weakly-bound electrons (Fig. 13). Since the U - O bond in the
UO2"1" fragment of UO3 is much shorter than the equatorial U—O
bonds, in the first approximation, the structure of the valence
region of the spectra is determined by this fragment. It has been
mentioned 6-85 that, within the non-relativistic approximation, the
correlation diagram of IVMOs consisting of the U 6s, U 6p, and
O 2s AOs makes it possible not only to rationalise the structure of
the spectra of the uranium oxides under discussion, it can also be
helpful in the investigation of the structures of these compounds
(Fig. 20).6-85 According to this scheme, variations in the U—O
bond lengths in clusters UOJ2~ and IK)2."1" slightly influence the
energies of the quasi-atomic tig, tu (in UOj2"), and %u (in UO?+)
MOs, but can have a substantial effect on the tiu, t\u (in UO| ),
GU, G*U, <*g, and CTg (in \JO\+) IVMOs. In practice, this phenom-
enon permits the determination of the structures of oxides and the
bond lengths in them.

However, this diagram does not describe completely the
structure observed in the spectrum of y-UOs.2-3'6 It is concerned
with the fact that it does not take into account the influence of the
ligands in the equatorial plane of the UO2."1" fragment on the
spectra of the valence electrons of oxygen. Apparently, this

U6p

U6p

O2s

V6s

AO MO AO

Figure 20. The diagram of IVMOs attributed to the interaction of the
U 6p and O 2$ AOs for clusters UOg2" (a) (0* symmetry group) and UO2

+

(*) (-Coo* symmetry group).6-85
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Figure 21. The principal scheme for MO formation in clusters UO*"1" (
symmetry group) and UO2O4~ (At* symmetry group) (a) and the X-ray
photoelectron spectrum of Y-UO3 (6).10*

influence gives rise to additional IVMOs consisting of the U 6p
and O Is AOs. In the scheme, which accounts for the effect of the
equatorial ligands on the structure of IVMOs of the UO24^ ion,
these MOs correpond to the 'eu and e*u orbitals (Fig. 21).106 The
latter scheme almost completely describes qualitatively the struc-
ture of the valence electron region of uranyl compounds. The
results of theoretical calculations for clusters of uranyl com-
pounds,3- 106 which take into account the effect of the equatorial
ligands are consistent with the results obtained from this scheme.

Thus, the experimental correlation of the energy gap between
the two components in the U 6/73/2 region of the spectrum (in
Fig. 20, they are related to the a\u and e*u IVMOs) with the U - O
bond length in the UO2."1" fragment in a series of uranyl compounds
becomes comprehensible.17-85 The results of semiempirical calcu-
lations 106 of structural characteristics of clusters UO2L"~ are
consistent with this dependence. In certain cases, the phase
content of natural uranium oxides and some bond lengths in
them have been determined from these data.2-6-17-85 The correla-
tion of the structure of a compound with the fine structure in the
X-ray photoelectron spectra of the valence region has also been
studied in a series of Np, Pu (Figs 15 and 16),102"104 and Am110

compounds.
Since TI1O2 and UO2 have similar structures,17 their spectra

(Figs 13 and 14) have much in common (see Fig. 20). Thus, in the
O 2s region, the structure associated with the t\u FVMO is
observed. In the Th 6/>i/2 region of the X-ray photoelectron
spectrum of Th(NO3)4• 4H4O, peaks corresponding to the \a\
and \e\ IVMOs of the NO3" cluster are present.81

In many cases, the fact of the formation of IVMOs in various
compounds can be authenticated by the presence of fine structure
in the region of weakly-bound electrons in their X-ray photo-
electron spectra. This structure can often be interpreted without
recourse to rigorous theoretical calculations by a simple approach
based on group theory.17>20-78 A correlation of the structure of a
compound, i.e., bond lengths, with the structure of their spectra
associated with the inner valence electrons has been established. It
allows in some cases the retrieval of qualitative and quantitative
information on the structure of compounds, which is exception-
ally important for amorphous materials.

V. Contribution of inner valence molecular orbitals
to chemical bonding
From the viewpoint of quantum-chemical theory, provided
certain conditions are satisfied, MOs can be formed from
arbitrary low-lying filled AOs.21-22 The contribution of electrons
to the chemical bonding is defined with a specific model describing
the bond formation. The chemical bonding in homonuclear
molecules is assumed to occur essentially due to the electrons of
valence atomic shells,21-22 and the electrons of inner closed shells
contribute to the chemical bonding to a lesser extent and
destabilise the bonds. Thus, in a molecule A2, two occupied \s
AOs can form a bonding \ag and antibonding ICT* M O S . The
bonding MO stabilises the bond to a lesser degree than the
antibonding one destabilises it.21 Therefore, the total contribu-
tion of the CMO electrons to the co valent component of the bond
energy is negative. In particular, this explains the instability of the
helium molecule He2.21

However, as follows from experimental data on light-element
compounds, both filled and valence shells with the same principal
quantum number contribute to the chemical bonding.1 Calcula-
tions of the electronic structure of light-element diatomic mole-
cules within the MO LCAO approach have indicated that the
occupied low-energy AOs do not form 'pure' CMOs but mix with
valence AOs.1-31-52-56-73-88 These CMOs lose their 'inner' charac-
ter and have to be considered collectively with the OVMOs. They
are referred to as IVMOs since they have not fully become the
valence ones.51-56

The question of the participation of the electrons of filled low-
energy shells in chemical bonding for light-element compounds
has been considered to some extent. However, it had barely been
raised for heavy-element compounds until recently.17-8S Consider,
for example, an established fact of the formation of IVMOs in
uranyl compounds by the U dp and O 2s AOs.2-3-6 If these MOs
consisted solely of the U 6p and O 2s AOs, they would not be
referred to as valence MOs. However, they were given the name
'IVMO' since they also consist of the valence U Is, 6d, 4/, and O 2p
AOs.

The question of the role of the low-energy closed shells of
heavy elements (lanthanide compounds, actinide compounds.etc.)
in chemical bonding raised on the basis of XPS studies 2 - 6,26,27,78
is very important. Its examination will help in understanding the
nature of chemical bonding in these compounds, furnish an
explanation of the existence of unique nearly linear stable
fragments, AnO"+, in certain actinide compounds, etc. However,
difficulty in rigorous theoretical calculations for actinide series
compounds is now evident. Therefore, as has been mentioned,17-20

the first step is to consider the participation of inner electrons
in chemical bonding for the most simple mole-
cules,51-53-56-71-73-75-88 and then to proceed to heavy-element
compounds.

1. Simple models
Examination of correlations of MO energies with interatomic
distances can help understanding of the formation of these
MOS.3-4,51-53,56,72,73,85,112 - J ^ N 2 molecule j s fl^ m o s t c o n v e .
nient subject for examination of this kind. Calculations of the MO
energies for N2 at different interatomic distances were carried out
at the SCF CNDO/2 and SCF Xa-DV levels (Fig. 22).51-56 The
results obtained by these two approaches are in good conformity
with each other. They display the same trend of changes in the
orbital energies with decrease in the bond length and the same
order of MO energies at the equilibrium interatomic distance
Rt=0.109 nm. They also give comparable values of the binding
energy gap between electrons of the bonding 2ag and antibonding
2CT! I V M O S .
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0.05 0.09 0.13 0.17 0.21 0.25 i?N_N /nm

Figure 22. The SCF Xa-DV orbital energies of N2 as functions of the
bond length .RN-N (-Re is the equilibrium distance).51'56

As nitrogen atoms are brought together to the equilibrium
distance, not only the orbital energies, but also the order of MO as
regards their energies change. This results in the formation of the
lag and ICT* C M O S and 2og and 2a* IVMOs, which, to a
substantial degree, are contributed by the N Is and N 2s AOs
respectively. An increase in the energy of the doubly-degenerate
1 nu VMO made up of the 2px and 2p,, AOs is greater in magnitude
than that of the 3ng VMO that is primarily composed of the 2pz

AO. It points to a greater contribution of the lnu VMO to the
covalent component of the N—N bond compared with that of the
3ag VMO. Weak dependence of the energies of the 2a* and 3ag

MOs on the interatomic distance ranging from R< to R = 0.35 nm
indicates insignificant values of the corresponding orbital force fi
and thus essentially non-bonding character of the N Is AOs.

In a certain approximation, the contribution of the N Is
electrons to the chemical bonding in N2 can be neglected since
the energies of the \ag and la* CMOs hardly depend on the
interatomic distance within the same interval. As the atoms
continue to close with each other, the energy of the 1TIU VMO
increases and that of the 3csg VMO decreases. Such behaviour
could be attributed to an increase in the overlap integral of 2px and
2py AOs and a decrease in that of 2pz AOs of neighbouring atoms
at small R. At R < Re, the energies of the la g and la*, CMOs
behave like those of the 2ag and 2a*, IVMOs at R>Re. The
energies of the antibonding la*, and 2a*, MOs depend on the
interatomic distance to a lesser extent than the energies of the
corresponding bonding lag and 2og MOs.

Changes in orbital energies of N2 with decreasing bond length
can be easily followed in a simple scheme (Fig. 23).51-56 This
scheme may be used for consideration of any homonuclear
diatomic molecule formed from /7-block elements {/w2npm}. An
example of a molecule where MOs are formed by individual AOs
(the la^ and la*, CMOs, 2ag and 2a*, IVMOs, and 3og, lnu, lit*.
and 3a* VMOs are represented) is shown in Fig. 23 a. The value of
the splitting Aj > A,- (1 = 1,2,3), and A + = A,- + A{- depends on the
bond length. Totally occupied CMOs destabilize the bond. Since
the difference A _ = | Aj — A,-1 is not too great, decrease of the bond

2<\2s 2s \ l\2s 2s

AO MO AO AO MO AO AO MO AO

Figure 23. Scheme of formation of OVMOs, IVMOs, and CMOs in a
nitrogen molecule: (a) — overlap of 2s and 2pz AOs is neglected; (6) — the
's-p' interaction; (c) — with 2s-2p overlap taken into account.51-56

length causes comparable changes in energies of the bonding and
antibonding MOs. It is observed for lnu and In*. VMOs (Fig. 22).
Unlike the n-type MOs, the a-type MOs are formed by the 2s AOs
as well as the 2pz AOs. At Re = 0.109 nm, the 2a and 2a*, IVMOs
and Sag VMO consist of the 2s and 2pz AOs in 84:16,69:31, and
84:16 ratios respectively. In Fig. 23 b, the formation of the a-type
MO by the 2pz and 2s AOs is schematically shown. The magnitude
of this 's-p' interaction also depends on the bond length. Bonding
and antibonding MOs shift in opposite diractions to the same
extent if the 's-p' interaction affects them equally (Fig. 23 b). In
reality, this interaction does not affect each type of MO equally,
thus it gives rise to an even more asymmetrical shift of the MO
energies from their initial values. With regard to this, with
decrease in the bond length in the N2 molecule, the 'centre of
mass' of the a-type VMOs shifts to a greater extent than that of
the IVMOs, i.e., formally, 53 > 82 (see Figs 22 and 23). Thus the
order of MOs may change, as is observed in the l j i u-3a g pair of
VMOs. Also, the overlap between the 2pz AOs decreases at shorter
R compared with that of the 2px and 2py AOs, and it affects the
energies of the l7tu and 3ag VMOs.

Despite the formalism of the separation of the total inter-
action between the electrons of neighbouring atoms, this simple
approach, not taking into account atomic s-p hybridisation,
furnishes an explanation of the observed changes in the orbital
energies with decrease of the N—N bond length and inversion of
the 3ag and 1JC« MOS. Also, it explains the non-bonding character
of the 2a* and 3ag MOs and the positive contribution of the 2ag

and 2a*, IVMOs to the bond energy in N2. Estimation of
contributions of individual MOs to the chemical bonding in N2

within the CNDO/2 approach has been based on analysis of the
resonance energy £AB (see Eqn 10) that represents the degree of
covalence of the bond A - B (Fig. 24).51-52-56 The contributions of
electrons of the \ag and la*, CMOs to the bond energy were not
estimated.

We should mention that the results obtained do not conform
to the conventional viewpoint on the character of the chemical
bond in N2.21-22 To a certain approximation, as before, this bond
may be treated as a triple bond, which is not attributed to electrons
of the 3ag and 1TCU O V M O S , 2 1 ' 2 2 but to electrons of the 1JIU

OVMO and 2ng IVMO. The contribution to the N = N bonding of
electrons of the 2a^ IVMO, which primarily consists of N 2s AOs,
is comparable with that of electrons of the twofold-degenerate lnu

OVMO.5156

The F2 molecule, in which both the antibonding In* and
bonding 1JCU O V M O S are totally-occupied is yet another example
of the contribution of the inner valence electrons to the chemical
bonding. According to the traditional model of the formation of a
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Table 3. Energies of MOs (eV) and their content (%) for different bond lengths R F - F (nm) in F2 calculated at the CNDO/2 level.73

Molecular = 0.05 = 0.1417 R2 = 0.20

oroitai

3CT; OVMO
lit*. OVMO
3a, OVMO
l7tu OVMO
2a; IVMO
2a, IVMO

£,

22.83
-1.00

-16.13
-46.86
-40.60
-78.51

2s AO

79
—
21
—
39
90

2prAC

21
-
79
-
61
10

_

100
-

100
—

-

AO Ec

2.05
-22.09
-22.73
-25.77
-41.99
-49.74

2s AC

5
-
2

-
5

98

) 2pzAO

95
-
98
-
95
2

2Px(2py)AO

—

100
-

100
—

-

E2

-5.91
-23.69
-16.20
-24.17
-44.41
-45.89

2s AO

_

-
-
-

100
100

2p2AO

100
—

100
-
—

-

2px(2pJ,)AO

_

100
-

100
—

—

i*(N2)/eV

14

0

- 1 4

- 2 8

- 4 2

- 5 6

- 7 0

0.06 0.10 0.14 0.18

Figure 24. Dependence of £„ quantities, which characterise the MO
contribution to the covalent bonding, on the bond length / ? N - N for
Nj.51,56

chemical bond,21-22 the contributions of electrons of these
OVMOs and of electrons of the bonding 2ng and antibonding
2JI* IVMOs are assumed to mutually neutralise. However, this
assumption is not valid since the dependence of the MO energies in
F2 on the bond length . R F - F (see Ref. 73) points to different
orbital forces/ for the 2ag and 2a* I V M O S .

The estimation of the contributions of the electrons of various
MOs to the chemical bonding in F2 within the approach of
separation of total energy demonstrates that, at an equilibrium
distance Re, the influence of electrons of the 1 jtu and lit*. OVMOs
compensate each other, and the contribution of electrons of the
2o-g FVMO is somewhat greater than that of electrons of the 2a*,
IVMO.73 As a result, the covalent component of the F—F bond is
mainly associated with the electrons of the 3ag OVMO and,
partly, 2ag IVMO. The latter accounts for 44% of the total
covalent component of the bond energy. Thus, the substantial
contribution of the IVMOs to the chemical bonding in F2 is
attributed to mixing of fully-occupied and valence AOs (Table 3).

The quantum-chemical estimation of bonding (antibonding)
character of MOs for F2 was also accomplished with the aid of the
orbital force/, approach. The calculation utilised the SCF Xa-SW
method with respect to the orbital relaxation within the frame-
work of the transition state principle.73 The X-ray photoelectron
spectrum of the weakly-bound electrons of F2 has been used for
the data interpretation (see Fig. 7).23 Unlike the Xa-calculation,
ab initio 113 and semiempirical CNDO/273 calculations give the
wrong order of the MO energies within the Koopmans's approx-
imation (Table 4): the 3o> OVMO is between two Tt-type MOs,
which does not agree with the order determined experimentally
(see Fig. 7). The results obtained at these levels of theory are less
precise than those obtained by Xa-methods of calculation. The

Table 4. Vertical ionisation potentials for valence electrons of F2 at the
equilibrium bond length ^ = 0.1417 nm.

Calculation
method

IP/eV Ref.

Experiment
Ab initio
Xa-DBM
CNDO/2
Xa-SW

i*;
OVMO

15.9
18.0
16.0
22.1
16.8

\nu

OVMO

18.8
21.9
18.6
25.8
19.5

3a,
OVMO

21.1
20.3
20.8
22.7
20.7

2a;
IVMO

37.5
40.7
33.7
42.0
34.7

2a,
IVMO

41.8
47.8
39.3
49.7
39.5

23
113
32
73
73

Xa-SW modification is preferable for the interpretation of the
binding energies of electrons of IVMOs.

The values of the derivatives E'b (of the orbital forces/-) at the
equilibrium interatomic distance J?e = 0.1417 nm in the F2 mole-
cule show that the electrons of the 2ag IVMO make the largest
contribution to the bonding in the system. The 2a*, IVMO
destabilises the F — F bond, but does not entirely compensate the
stabilisation from the 2vg IVMO (Table 5).

Table 5. Orbital forces £j, for valence orbitals of F2 at the equilibrium
distance R* = 0.1417 nm.17

Molecular

ITT* OVMO

1JIB OVMO
3a, OVMO
2a; IVMO
2a, IVMO

£{,/10~8N per electron,

ab initio a

-0.93
0.98
1.69

-1.24
2.42

'Calculated from cited in Ref.
equal to 0.1336 and 0.1417 nm.

CNDO/2

-0.89
0.89
1.08

-0.96
2.05

113 MO energies at two

Xa-SW

-0.71
1.79
1.43

-1.78
2.85

distances / ? F _ F

In the X-ray photoelectron spectrum of F2, the peak corre-
sponding to the 2ag electrons is broader than that corresponding
to the 2a* electrons (their half-widths are 2.7 and 1.6 eV
respectively).23 Several final states of the system after photoemis-
sion could account for this distinction. Theoretical calculation in
terms of the configuration interaction can corroborate this
assumption. A dependence of the gradient of the ionisation
potential of these orbitals on the bond length .RF-F could be
another reason; this is in full agreement with results of the Xa-SW
calculation. Actually, the ratio of 2a* and 2ag peaks' half-widths
is 0.59, while the ratio of the absolute values of the orbital forces/a

is 0.62 (Table 5).

Despite the different profiles assigned to the different con-
tributions of electrons of the 2a*, and 2ag IVMOs to the chemical
bonding in F2, the integral intensities of these peaks are almost
equal,23 which points to their essentially identical photoionisation
cross-sections, and thus to equal 2s character of these IVMOs. The
results of the Xa-SW calculation 73 are also consistent with this
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Table 6. Energies Eb and distribution of electronic charge Q (%) for
valence orbitals of F 2 at the equilibrium distance Re = 0.1417 nm for
ground and transition states.73

E/eV

Molecular

Ground state

ITC* OVMO

l7t,,-OVMO
3a,-OVMO
2o-*,-IVMO
2a r IVMO

Transition state

ln*.-OVMO
I T ^ - O V M O

S^-OVMO
2a*,-IVMO
2oyIVMO

£b/eV

10.50
13.50
14.56
28.31
33.18

16.80
19.50
20.70
34.70
39.50

Charge Q in areas

atomic

F2s

0
0
2.2

81.8
78.3

0
0
2.4

82.7
79.0

79.2
70.7
77.3
2.0
2.0

80.8
72.8
78.5

1.9
2.0

interatomic

15.0
23.1
11.7
11.1
17.1

14.4
22.0
11.3
10.8
16.7

outer

5.8
6.2
8.8
5.1
2.6

4.8
5.2
7.8
4.6
2.3

premise (Table 6). Different contributions of the 2<r* and 2ag

IVMOs would imply a significant dependence of the photoionisa-
tion cross-sections on the energy of the levels in question, a
dependence that is unlikely due to the close binding energies of
electrons of the 2a* and 2ag IVMOs (see Table 5). It follows from
Table 6 that the IVMOs are built up mainly of the F 2r AOs, the
contributions of which are nearly the same and change little
during the relaxation of the ionised system. An essential contribu-
tion of the F 2s AO to the 2a*u IVMO accounts for the significant
stabilisation of this MO, unlike that in N2 molecule, which is
characterised by a greater percentage of the N2 2p AO.51-56 The
energy gap between the IVMOs in F2 (4.3 eV, Table 4) is much
smaller than the corresponding value (18.7 eV) in N2.51-56 Specific
characteristics of the IVMO in F2 also account for a clearly
bonding character of the 3og OVMO (Table 5), as soon as this
OVMO consists mainly of the F 2pa AOs (see Table 6).

Analogous results have also been obtained for other diatomic
Group IV-VIIA second and third Period molecules and clus-
t e r s 17,52, 71,72,88

The same reasoning can be applied to the dependence of the
orbital energies of the uranyl fragment UO|+ on the bond length
Rv-o obtained within the framework of the SCF Xa-SW
approach (Fig. 25).3-106 The dependence obtained is in a good
qualitative agreement with the corresponding data for N2. As
atoms are brought together, the energies of the antibonding 8a*,
(UO2

+) and 2c* (N2) IVMOs change to a lesser extent than the
energies of the corresponding bonding 7ou and 2ag IVMOs, thus a
considerable contribution of the 8CT* and 7o> electrons to the
bonding in UO2

+ is suggested. As has already been mentioned for
N2, this effect arises due to the mixing of the valence and doubly-
occupied low-energy AOs of adjacent atoms leading to the
formation of IVMOs. Apparently, this mixing also accounts for
the inversion of the lnu, 9au, 4ag, and \2<sg OVMOs of the uranyl
fragment caused by a change in the U - 0 bond length (Fig. 25).
The MO contributions to the chemical bonding were estimated
from the values of orbital forces/-calculated from the £i vs. Rv-o
dependences.113 It has been found that, at /?u-o = 0.173 nm,
electrons on IVMOs account for 29% of the total electron
contribution in the uranyl cluster.

The calculation of the electronic structure of the uranyl cluster
by the SCF Xa-DV method yields similar results (Figs 26
and 27).77 In Fig. 27, vacant MOs are shown as dashed lines,
and occupied MOs as solid lines. Presented in the Figure are the
atom content, energies (to the left), and the E% values (to the
right), which characterise the contribution of IVMOs to the

- 6

- 1 2

- 1 8

- 2 4

- 3 0

- 3 6

- 4 2

10a, ^ v

8 ****-* *" ~ * ~ ~ ^ L *

7T£ >

ll<Jg ^ 1"*0

1<5U *

^coo-—^ * ~ ^

1 1 1 1

OVMO

>IVMO

0.16 0.18 0.20 Rv-o /nm

Figure 25. Dependence of the MO energies for the cluster UO|+

(symmetry group D^j,) on the bond length Ru-o calculated in the SCF
X.-SW approach.10*

0.15 0.17 0.19 Rv—o /nm

Figure 26. Dependence of the energy contribution of electrons of the
IVMOs (V), OVMOs (2), and of the total electron contribution (3) to the
covalent bonding £ ? on the bond length Rv-o for UO2+.77

covalent bonding of the cluster UO2
+ . At .Ru-o = 0.173 nm, the

electrons of IVMOs account for 37% of the total electronic
contribution in UO2

+ . Similar calculations have also been
performed for the cluster UO2C^" of Z>4* symmetry.17 The
contributions of the electrons of OVMOs and IVMOs to the
chemical bonding in UO|+ somewhat depend on the bond lengths
/Ju_o(Fig. 26).
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Figure 27. The MO diagram for UO22+ (symmetry group />«,*) at
Ru-o = 0.173 nm (the SCF Xa-DV method). Energies of MOs (in eV),
their content (%), and the values of £ j (in eV) characterising the MO
contribution to the covalent bonding are displayed in parentheses.77

2. Crystal framework
From the data presented above we may assume that the inner
valence electrons contribute to the chemical bonding not only in
molecules, but also in crystals. In essence, this applies to covalent
crystals. To this end, quantum-chemical calculations of the band
structure of black phosphorus have been made.75 The choice of
the subject of study is concerned with the monoatomic character
of the crystal lattice, which excludes the ionic component of the
bonding, the availability of reliable crystallographic data114 and
of X-ray photoelectron spectra obtained with a synchrotron
radiation source.115 The calculations of the band structure of
black phosphorus have been carried out by the crystal orbital

method within the framework of the extended Hiickel method
(EHM) by a program described in a previous study.116

The crystal lattice of black phosphorus is built up of crimped
layers.'14 The unit-cell dimensions a, b, and c are 0.33136,1.0478,
and 0.43763 nm respectively. Each phosphorus atom has three
closest neighbours within the layer at a distance of 0.2244,0.2224,
and 0.2224 nm. The layers are separated from each other so that
the minimum distance between two phosphorus atoms belonging
to adjacent layers is 0.3592 nm. At this distance, the overlap
integral between the two atomic Slater 3s and 3p orbitals, the
exponential factors of which have been defined according to
Clementi117 is close to zero. Therefore, the basic aspects of the
band structure of black phosphorus can be described satisfactorily
within a two-dimensional representation with four atoms per unit
cell.

The unit cell of the layer consists of two pairs of phosphorus
atoms. The bond axes make an angle of 44.17 ° with the crystallo-
graphic a axis.114 The distance Rp-p within pairs is 0.2224 nm, the
distance between the axes of pairs along the c axis is 0.2130 nm.
Translational constants along two perpendicular directions are
equal to the values of constants a and c, respectively.

The two-dimensional Brillouin zone for the layer under
consideration is rectangular, its centre is designated as F; points
/ and Prefer to the middle of the longest side and the vertex of the
Brillouin zone, respectively. Direction F -*J is denoted as I\,
J^KVLS, £2, and .£-> T as Z3.

The energies of the crystal valence orbitals E,{k) are deter-
mined along these directions and in points F, J, and K from the
secular equation:

(35)

where iv(fc) and ShV(k) are matrix elements of the one-electron
operator and the overlap integral between the Bloch basis
functions, respectively.

For the P 3s and 3p AOs, the orbital ionisation potentials have
been taken as recommended by Charkin.118 Eqn (35) as applied to
the band structure calculations was examined first by Messmer'19

and then was successfully employed by Nishida120 and Hoffmann
et al.121 The crucial point of this approach is a proper choice of
parameters.122 As shown below, data on the orbital exponent
factors117 and ionisation potentials118 lead to a satisfactory
description of the valence band structure of black phosphorus.

With a basis set incorporating the P j and p orbitals for four
atoms in a unit cell (each atom has five valence electrons), the
LCAO equation (35) yields 16 crystal orbitals; the lowest 10 of
them are doubly occupied. Dispersion curves calculated for 10
occupied and two vacant crystal orbitals are shown in Fig. 28. The
energy zero corresponds to the top of the valence band reached

E/eY

- 1 5

Figure 28. The dispersion curves of the energy bands in black phosphorus
calculated by the extended Huckel method,75 and from its photoelectron
spectrum.115 Horizontal lines represent levels of a cluster P2.
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near the point / along the direction Zi. According to the
calculation, black phosphorus possesses the semiconducting
properties.

The two lowest valence crystal orbitals are genetically linked
with the 2og IVMO of the diatomic cluster P2, the next two, with
the 2CTB FVMO. Three pairs of the upper filled crystal orbitals
originate from the lnu and 3ag OVMOs. The corresponding
crystal orbitals are degenerate along the direction Z2. The photo-
electron spectrum of a single crystal of black phosphorus obtained
at a photon energy of 110 eV"5 is shown on the right side of
Fig. 28.115 Five distinct peaks sequentially spaced by 2.0,1.9,4.2,
and 4.6 eV appear in the spectrum. All features of the photo-
electron spectrum including the energies and relative heights of the
peaks are represented satisfactorily by the calculated dispersion
curves. The positions of MOs of the P2 cluster at
Rp-p = 0.2224 nm are displayed also in Fig. 28. As is seen, the
splitting of the 2o> and 2aB IVMOs composed of the P 3s AOs
with addition of P 3pa AOs describes well the relative positions of
peaks 2 and 1, while the litu and 3ag MOs fall near the centroid of
peaks 5 -5 . Thus, the qualitative features of the chemical bonding
in black phosphorus crystals can be understood even in terms of
diatomic interactions, i.e. in a close-order approximation, while
the details of the electronic structure are determined by the band
character of the wave functions.

In diatomic molecules, the orbital vibronic constants deter-
mined from spectral data can serve as a quantitative measure of
the contributions of electrons to the chemical bonding. It has been
shown that orbital vibronic constants correlate intimately with the
orbital forces/ [see Eqn (24)] defined as derivatives of the orbital
energies E£R) versus the interatomic distance R at the equilibrium
point Re, where i is an orbital index. Provided the orbital energies
are obtained from ab initio calculations, the plot of orbital
vibronic constant versus / yields a line through the coordinate
origin.53 To verify the legitimacy of this approach within the
adopted semi-empirical Hoffmann method, the dependences
Et (R) have been calculated 75 and the orbital forces/- determined
for N2 (an analogue of P2),75 so far as the orbital vibronic
constants for N2 are available.53-65

The correlation plot of the orbital vibronic constants of N2
versus the orbital forces/ calculated according to Eqn (24) at the
experimental equilibrium distance Re (see Refs 17,75) is presented
in Fig. 29. It may be concluded that the extended Huckel method
is quite suitable for estimating the orbital vibronic constants. It
has also been found that orbital vibronic constants correlate with
the contributions n(j, NN) of individual MOs to the total bond
order.53 Therefore, Mulliken orbital bond populations are also
applicable to the calculation of the orbital vibronic constants. The

- 3 0 - 2 0 -

- 1 0

10 /,/nN

-20

Figure 29. Dependence of the orbital vibronic constants aa on the orbital
forces/ for N2 (the extended Huckel calculation): (7) 2<rg; (2) 2au; (3) 2o>;
(4) \%u; (J) \ng.
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«(/, NN)- / / correlation for N2, a correlation which is also
confirmed by calculation for P2,75 is evident from comparison of
Fig. 29 and data from Ref. 53.

We should mention that the 2o> IVMO plays a particular role
in the chemical bonding in P2 as well as in N2. Thus, orbital forces
according to the EHM can be regarded as quantum-chemical
indexes in the qualitative analysis of electronic contributions to
chemical bonding.

As has been mentioned,17-75 it seems natural to extend this
approach to band structure calculations for solids. To this end, a
solution of the secular equation (35) is differentiated with respect
to R. For the sake of convenience, two additional calculations
should be carried out at R = R,, - AR and R=R* + AR, where AR is
a small variation of the interatomic distance. The value of
0.001 nm for variations of all distances in a unit cell has been
adopted in calculations of the band structure of black phosphorus.
The dispersion curves obtained have been numerically differ-
entiated with respect to R, and the orbital forces have been
determined at various points of the two-dimensional Brillouin
zone for the dispersion curves presented in Fig. 28. The results
obtained are listed in Table 7; the average directions of Zi, Z2, and
I3 in the Brillouin zone are referred to these points. As follows
from Table 7, the inner valence crystal orbitals 1 and 2 display
slightly bonding character (the positive sign of the corresponding
orbital forces). The higher crystal orbitals exhibit either a weakly-
bonding (non-bonding) or antibonding (the negative sign of the
orbital forces) character. The lower vacant crystal orbitals 11 and
12 possess highly antibonding character, as expected. However,
the values of the orbital forces/ depend on the coordinates of the
point in the Brillouin zone. For example, at the point K, all crystal
orbitals are less bonding, the inner valence crystal orbitals
included. The angular dependence of the indexes of interatomic
bonding/ of crystal orbitals, e.g. 1 and 2, can be used in studies of
the anisotropy of properties of black phosphorus and other
compounds.

Table 7. Orbital forces (ft /lO"8 N) for the energy bands of the black
phosphorus.75

Dispersion
curve
number

12
11
10
9
8
7
6
5
4
3
2
1

Points of the two-dimensional Brillouin zone

r

-2.9
-4.5
-2.4
-2.1
-0.1
-1.2
-2.1

0.7
0.9

-2.1
2.2
2.5

ft

-3.9
-6.0
-2.6
-1.1
-1.7
-1.5
-1.3

0.6
0.0

-0.3
1.8
2.3

J

-8.4
-6.4
-3.2
-3.1
-1.9
-1.6

0.4
0.4
0.5
0.5
1.8
1.8

ft

-8.3
-7.3
-1.7
-1.7
-0.6
-0.6

0.1
0.1

-0.3
-0.3

1.1
1.1

K

-8.0
-6.4
-1.0
-0.9
-0.2
-0.2

0.5
0.5

-0.1
-0.1
-0.3
-0.2

£3

-7.2
-4.5
-2.0
-1.1
-1.4

0.3
-0.3

0.6
-1.0
-0.9

1.1
1.7

The results of the study imply a prevailing contribution of the
electrons of inner valence bands of atomic crystal to the covalent
bonding. When considering the electronic structure of solids
within the framework of the band theory, the IVMOs of the
diatomic cluster, which is a building block of the crystal lattice,
possess a bonding character as well.

Thus the contribution of the electrons of the inner valence
MOs to the chemical bonding cannot be neglected. In certain
cases, it is comparable with that of the electrons of the valence
MOs.
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VI. Conclusion

Widespread use of XPS in the studies of the electronic structure of
molecules and solids consisting of diverse elements of the Periodic
Table have provided unique results on the interaction between the
electrons of the closed low-energy subshells of neighbouring
atoms. In many cases, this interaction is strong enough so that
one cannot neglect it in the analysis of the electronic structure of
compounds. The X-ray photoelectron spectra of such compounds
usually reveal a fine structure in the region of weakly-bound
electrons (~ 15-50 eV). The parameters of this fine structure,
attributed to the inner valence electrons, reflect structural charac-
teristics of the compounds. Experimental XPS data on the
formation of IVMOs, the interrelation of the fine structure of
X-ray photoelectron spectra with the structure of compounds, and
the data on the participation of the inner valence electrons in
chemical bonding are in good agreement with results of theoretical
calculations. Qualitative interpretation of the structure of X-ray
photoelectron spectra in the region of the inner valence electrons
by means of group theory allows a wide range of researchers to
apply XPS in various structural studies, for instance on radiation-
induced damage and defects in solids.

We should note that the role of IVMOs in the formation of
compounds and in the determination of their physico-chemical
and structural features, has not been firmly established yet. In
particular, this topic has been little covered for lanthanide and
actinide series compounds. However, currently, there are several
examples of the practical application of the concept of effective
(experimentally observed) formation of IVMO in the explanation
of experimental data. These are an inversion of the 3ag and 1JIU

IVMOs and the exceptionally high bond strength of N2;51 '56 the
relatively broad valence band (25.2 eV) in graphite and diamond,
and energies of the C—C bonds within graphite layers;25-88 the
appearance of a fine structure in the ~ 15-50 eV range of the
X-ray photoelectron spectra of lanthanide 4- 5 and actinide ser-
ies 2-3- 102-103 compounds; the relation of the characteristics of fine
structure in X-ray photoelectron spectra of compounds contain-
ing actinide series18- 109- 123 and other17 elements with the struc-
ture of the local environment and the bond lengths to the closest
ligand atoms; the appearance of a fine structure in the emission
spectra of lanthanide 19 and uranium124 compounds and in the
electron conversion spectra of uranium compounds125-126 if
electrons with bonding energy within the ~15-50eV range
contribute to these spectra.

One cannot rule out [the possibility] that the formation of
IVMOs in actinide series compounds explains the formation of
stable groups AnO|+ . We should also note that a new method has
been proposed to determine U—O distances, which can help in the
identification of the products of reactions of uranium compounds
with solid surfaces.109-123-127-128

Thus, taking into account the results considered hitherto, the
following conclusions, which answer the questions listed in the
'Introduction', can be derived:

1. Under certain necessary conditions, IVMOs can form in
compounds containing virtually any element of the Periodic
Table.

2. The fine structure in X-ray photoelectron spectra associated
with the inner valence electrons allows one to assess the contribu-
tion of electrons of the occupied AOs to the chemical bonding, the
local environment of atoms under consideration, and the bond
lengths in compounds.

3. In certain instances, the overall contribution of the inner
valence electrons to the bond energy is comparable to that of the
valence electrons. This phenomenon is novel and important for
chemistry.
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Abstract. The results of studies on direct functionalisation of
activated alkanes and cydoalkanes under the action of 'classical'
Friedel-Crafts complexes (viz. equimolar complexes of acyl
halides with aluminium halides) and related systems containing
smaller or somewhat larger amounts of aluminium halide are
surveyed. The studies carried out during the last decade on
functionalisation of saturated hydrocarbons devoid of tertiary
carbon atoms, by aprotic organic superacids RCOX-2AICI3 are
summarised. Reactions of alkanes with acylium cations in super-
acidic media are considered. The published data on the structure
of complexes RCOX • AICI3 and RCOX • 2A1C13 and on the nature
of the active complexes in the reactions of arenes with acylium
cations and with complexes RCOX-AICI3 in both acidic and
organic media as well as in the reactions of alkanes with acylium
salts in protic superacids and with superaddic complexes
RCOX - 2AICI3 in aprotic solvents are analysed. The prospects
for the synthesis of organic compounds from alkanes and
cydoalkanes under the action of complexes of acyl halides with
aluminium halides are outlined. The bibliography includes
128 references.

I. Introduction
Alkanes and cydoalkanes, which are the major components of oil
and natural gas, still remain the most promising raw material for
the synthesis of organic compounds. Although there is a possibil-
ity, in principle, to carry out direct functionalisation of alkanes
and cydoalkanes and although some selective reactions of this
type have been reported, only few saturated hydrocarbons are
used currently in organic synthesis. Therefore, Mendeleev's words
that to use petroleum as a fuel is like firing a furnace with
banknotes are still timely.

The main difficulties that hamper selective one-stage functio-
nalisation of alkanes (or cydoalkanes) arise because compounds
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of this class are inert and, hence, the products of their transforma-
tions are more reactive than the initial hydrocarbons.

In the early 1970s, a new stage in the chemistry of alkanes
began. Since then, two non-traditional approaches are being
developed successfully, which have given an impetus to the new
'low-temperature' chemistry of alkanes. (Low-temperature cata-
lysts for transformations of alkanes have indubitable advantages
over catalysts that are active at elevated temperatures, since the
former make it possible to perform more selective processes and to
work under thermodynamically more favourable conditions.1).
The activation of the C - H bonds in alkanes, including methane,
by transition metal complexes in solution has been discovered.2"4

Over the past two and half decades, a wide range of transition
metal complexes and lanthanide and actinide derivatives that are
capable of activating alkanes have been described, the scientific
fundamentals for the metallocomplex activation of C - H c-bonds
have been created, and processes for the transformation of alkanes
and cydoalkanes into their derivatives (alkenes, oxidation prod-
ucts, carbonyl compounds, etc.) have been developed. The
'biomimetic' approach based on the development of activating
systems, similar to metalloenzymes acting in living nature, proved
quite promising.

At about the same time as the first transition metal complexes
activating alkanes were described, the activation of saturated
hydrocarbons by protic superadds was discovered.5"7 The use
of these systems made it possible to accomplish for the first time
cracking, isomerisation, alkylation, and some other reactions of
alkanes under mild conditions, at high rates, and with good yields
of products. It has been shown that direct functionalisation of
nonactivated cydoalkanes and alkanes including methane in
protic add media is, in prindple, possible, and some examples of
selective reactions of this type have been reported.

A great achievement in the chemistry of alkanes has been the
elucidation of the mechanism of er-bond activation by protic
superadds and evidence for the existence of hypervalent carbon
and for the formation of a two-electron three-centre (2e-3c)
transition state. The intermediates in these reactions, namely,
derivatives of pentacoordinated and hexacoordinated carbon,
carbonium ions, and carbenium ions, the existence of which had
been postulated previously, were generated and studied experi-
mentally.5 As a result of these studies, the views on the mechanism
of the electrophilic activation of alkanes, which had previously
been speculative, became substantially more profound and
acquired a reliable theoretical base. The Nobel prize in chemistry
awarded to Olah in 1994 for his pioneering studies on the
activation of alkanes by protic superadds reflected the recogni-
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tion of his fundamental contribution to the chemistry of alkanes7

and, simultaneously, the recognition of the current interest in this
subject.

Among the new approaches to the chemistry of alkanes, which
have been successfully developed during the past two decades, gas-
phase reactions of alkanes with metal ions8"17 and with metal
atoms or small clusters17"28 are noteworthy. The former have
provided valuable information concerning the mechanisms of the
activation of C - H and C - C bonds and on the energies of M - H
and M - C bonds. The studies on the reactions of alkanes with
metal atoms and small clusters have led to the development of new
active heterogeneous catalysts17'18 and to the direct synthesis of
organometallic compounds from alkanes.26'27

The traditional field involving gas-phase reactions of alkanes
in the presence of heterogeneous catalysts, which still occupy a
prominent position among industrial processes, has also been
substantially revolutionised. Great progress has been achieved in
studies on the structures of heterogeneous catalysts and mecha-
nisms of reactions involving them (including industrial processes)
as well as in the development of a new generation of cata-
lysts.20"34 The elaboration of novel catalysts for the oxidation
of alkanes based on polyoxometallates ('inorganic porphyrin'),
which combine the advantages of homogeneous systems (selec-
tivity and controllability of processes; see Chapter VIII in the
published book2) with stability, which is the basic advantage of
heterogeneous catalysts, especially significant for industry, dem-
onstrates the fruitfulness of using different approaches for solving
a common problem.

In recent years, some selective radical processes of functiona-
lisation of alkanes have been reported. The photoinduced single
electron transfer (SET), which has been achieved using photo-
chemical oxidising agents (for example, tetracyanobenzene) gen-
erating radical cations from saturated hydrocarbons, can serve as
an example. The subsequent exothermal transformation of the
alkyl radical cation into the alkyl cation, which then adds to the
radical derived from the oxidising agent, affords a functional
derivative of the alkane.35 Somewhat earlier, Crabtree (see for
example, Chapter III in the published book2) has proposed
another method for the generation of alkyl radicals from
alkanes; this involved the use of photoexcited mercury atoms.
The alkyl radicals thus formed can undergo cross-coupling with
other radicals generated in the system. For example, the inter-
action of cyclohexane and methanol yields the cross-coupling
product, cyclo-C6HnCH2OH, in addition to the products of
dimerisation of the radicals — (cyclo-C6Hn)2 and (CH2OH)2.
Crabtree believes that this approach is quite promising for
practical purposes, because it permits a large number of catalytic
cycles. In this respect, the 'mercury' method compares favourably
with the dehydrogenation of alkanes under the action of phos-
phine complexes of transition metals, which are readily deacti-
vated during the reactions. Unfortunately, the Hg/hv and
Hg/Av/H2 systems are relatively ineffective for the transformation
of methane or other alkanes with strong C - H bonds.

The simplest pathways to the functionalisation of alkanes are
shown in Scheme 1. Obviously, compounds of the same type can
react by different mechanisms. For example, metal complexes can
act either as electrophiles or as radicals or react by the oxidative
addition mechanism.

The electrophilic functionalisation (1), electrophile-promoted
nucleophilic functionalisation (2),5> 6 the radical mechanism (3),
and the metallocomplex mechanism (4) of hydrogen substitution
in a saturated hydrocarbon2"4 shown in the Scheme have been
proved, while reaction (5) has not been performed so far.
However, since the H/D isotope exchange in saturated hydro-
carbons including methane under the action of strong nucleo-
philes is well known,36"39 this functionalisation pathway seems
possible, although it is unlikely to play a noticeable role in the
chemistry of alkanes, because the reagents needed for the
irreversible functionalisation are difficult to select.
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In can be concluded from the foregoing that the chemistry of
alkanes has developed vigorously over the last 20-25 years. It has
been reported2 that the number of publications devoted to the
activation of alkanes and their catalytic reactions increases
exponentially and doubles every 3 -4 years. The advances made
in this field bring closer the solution of the problem of the direct
synthesis of organic compounds from alkanes and cycloalkanes.

The present review is devoted to the functionalisation of
alkanes and cycloalkanes by complexes of acyl halides with
aluminium halides.

Studies on the transformations of saturated hydrocarbons
under the action of equimolar Friedel-Crafts complexes have
been carried out desultorily for 65 years. The reported examples of
functionalisation of activated saturated hydrocarbons seemed to
be of purely abstract interest. However, recently it has been shown
that, in some cases, the acylation of activated cycloalkanes with
these systems can be applied to organic synthesis.

The discovery of the 'superacidic' properties of the
RCOX-2A1X3 complexes has opened new prospects in the
chemistry of alkanes.40 The RCOX-2A1X3 complexes, which
were called by us aprotic organic superacids (AOS) proved
extremely reactive toward n-alkanes and non-activated cycloalk-
anes under mild conditions,41 which markedly distinguishes them
from the equimolar complexes RCOX • AIX3, which are inert with
respect to these substrates. Regarding their activity in the initia-
tion of transformations of alkanes, AOS surpass not only the
known systems based on aluminium halides but also the strongest
protic superacids. In the presence of AOS, functionalisation of
linear alkanes and nonactivated cycloalkanes has been accom-
plished; among these processes, novel reactions of alkanes were
found. It is also essential that, although AOS readily initiate
transformations of alkanes and cycloalkanes accompanied by the
rupture of C - C bonds, the fragmentation processes can be
suppressed under certain conditions and a one-stage selective
functionalisation of saturated hydrocarbons can be performed.

n . Functionalisation of isoalkanes and activated
cycloalkanes by equimolar complexes
RCOX • AICI3 and related systems

The discovery of the activating influence of aluminium chloride on
acyl halides made by Friedel and Crafts in the late XIX century
marked the beginning of the fruitful use of the complexes
RCOXAIX3 in organic chemistry and, actually, the beginning
of the use of catalysis in organic synthesis. However, the use of
RCOX • AIX3 complexes has long been confined only to reactions
of unsaturated or aromatic compounds.42"45 The use of these
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complexes for transformations of alkanes and cycloalkanes was
far from being equally successful. The first studies in this field were
carried out by Nenitzescu, Zelinsky, Hoppf, and other research-
ers4*"53 as early as the 1930s. The results of these studies have
been discussed in monographs42-43 and in a review.54

In early papers, only qualitative experiments were carried out.
For example, it was found that stirring cyclopentane, acetyl
chloride, and aluminium chloride in a molar ratio of 3:1:1.1 for
two days affords acetylcyclopentane.47 If methylcyclopentane is
used instead of cyclopentane and the ratio of the reagents is
5:1:1.2,2-acetyl-l-methylcyclopentane is formed in three days.46

Later, reactions of cyclohexane, methylcyclopentane, methylcy-
clohexane, and decalin in the presence of AcCl • 71AICI3 (n = 0.8 -
1.5) were studied in detail by various researchers. It was found that
the transformations of cyclohexane and methylcyclopentane
carried out in the medium of the hydrocarbon itself lead to the
corresponding saturated ketones, while in a solvent (CH2CI2 or
CHCI3), <x,P-unsaturated ketones or diketones of the cyclopentane
series are formed.55"64

0
ACC1A1C13

CH2C12
(CHC13)

AcClAlCU

Ac

Me Me

AcClAlCU
CH2CI2

(CHCI3)
ACC1A1C1 3

Acetylation of methylcyclopentane, cyclohexane, methylcy-
clohexane, and decalin with the reaction conditions are shown in
Scheme 2.55"58

Thorough investigation of the acetylation of methylcyclopen-
tane carried out recently has made it possible to increase the
overall yield of the monoacetylated product 1 and diacetylated
product2 to 65%-70%.6 4

AcCl-nAlCb

CH2Cl2,40°C,2h

The ratio of 1 and 2 depends on the [AcCl]: [AICI3] ratio.
When this is 2:1.5, the yield of the compound 2 is 50%.

Although the exact mechanism of the formation of the
diketone 2 is unknown, the researchers cited presented some
facts indicating that it is formed via enol derivative 3 rather than
by the direct acylation of the unsaturated ketone 1 (Scheme 3).

In keeping with this scheme is the fact that treatment of the
enol derivative 3 with AICI3 or TiCU gives the diketone 2 in a
quantitative yield. Conversely, acylation of 1 leads mostly to

a,b

Me 2:1 Me

Ac

Me

Scheme 2

(6)
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(7)

(8)

(9)

1:2:3

(a) AcCl • AICI3,20 °C, 5 h (yield 27%);55

(A) AcCl • AICI3,40 °C, 2 h (yield 50%);56

(c) AcCl • AICI3,60 °C, 5 h, 20 °C, 12 h (yield 36%);"
(d) AcCl • AICI3,40 °C, 24 h + 20 °C, 18 h (yield 58%);56

(e) AcCl-AICI3,20 °C, 17 h (yield 30%);58

(f) AcCl-0.8AlCl3, 60 °C, 70 h (total yield 13%);58

fe) AcCl • 1.5A1C13,20 °C, 48 h (total yield 71 %).5 9

heavy products in which the proportion of the diketone 2 is very
low.64

The acetylation of methylcyclohexane and decalin occurs with
the retention of the structures of the initial cycloalkanes.

Unlike reactions (6)-(9) (Scheme 2), acetylation of decalin
[reaction (10)] is conducted with a substantial excess of aluminium

MeCO+

H

[RH]: [AcCl]: [AICI3] = 1:2.4:1.5; CH2C12,10 °C, 10 h (yield 46%).
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AcCl-AlCl3

AcClAlCh

Scheme 3

OAcI
Me 3

AcCl

OAia2

chloride. Although this reaction is not selective, the overall yield
of acylated products is quite high. A decrease in the amount of
aluminium chloride in the AcCl • MAICI3 system to n < 1 and a
decrease in the temperature change sharply the direction of the
reaction. Instead of the decalin acylation products, vinyl ether 4 is
formed.63 It was shown that only cw-decalin enters into this
process, while trans-decalin is inactive. The scheme proposed for
the transformation of cu-decalin into the vinyl ether 4 involves the
formation of 9,10-decalene, which is then acylated giving a tertiary
carbocation. The latter undergoes an axial shift and cyclisation
and, after elimination of HC1, it is finally converted into the vinyl
ether 4.63-64

When cyclic hydrocarbons that are not prone to form alkenes
are made to react with RCOCl-AlCb systems, halogenation
products rather than acylaton products are formed.65 For exam-
ple, treatment of adamantane with RCOC1-A1C13 leads to
1 -chloroadamantane.

RCOClAlCb,20°C

-RCHO

AICI3

72%

[AdH]: [RCOC1 • AICI3] = 1:1; R = Me, Pr°, W, cyclo-CeH,, (R ̂  Ph).

At 50°C and at the molar ratio [RCOCIAICI3]: [AdH] = 6:1 ,
dichloroadamantane is formed in a good yield, instead of
1-chloroadamantane.65

The only transformation observed for linear and branched
alkanes in earlier studies, was their acylation, which led predom-
inantly to the formation of saturated ketones and, to a lesser
degree, of unsaturated ketones.47>55>66~69 The yields of the
acylation products were extremely low even after prolonged
heating of the reactants.

AcCl-A1CU
iso-CnH2n+iAc

n = 4-6.

n-Butane does not react with ACC1A1C1 3 at room tempera-
ture. However, if a mixture of n-butane with AcCl-AICI3 (molar
ratio 3:1) is stirred for 15 h at 60 °C without a solvent,
Me2CHCH2Ac, formed in a very low yield can be detected. The
same product is also obtained from isobutane.66

Pentane and hexane can be acylated by prolonged stirring with
AcCl • AICI3 at room temperature without a solvent. For example,
when n-pentane reacted with AcCl • AICI3 for 8 h, the formation of
a mixture of Me2CHCH(Me)Ac and Me2C = C(Me)Ac was
qualitatively detected.67 Under similar conditions, n-hexane is
converted into Me2CHCH(Et)Ac and Me2C = C(Et)Ac. The
indirect data reported by Nenitzescu et al.47 suggest that the
yield of Me2CHCH(Et)Ac relative to AcCl does not exceed 5%.
Japanese workers55 have studied the interaction of isopentane
with AcCl • AICI3 by heating the reactants ([RH]: [AcCl • AICI3] =
1:1) in a solvent. Under these conditions, only the unsaturated
ketone 5 was obtained in a yield of no more than 6%.5S

Me2CH-CH2Me
AcCl-AlCl3 ^

60 °C, CHC13

Me2C=C(Me)Ac

5

Prolonged heating of isooctane, which readily undergoes
cracking, with the AcCl • AICI3 complex gives rise to the unsat-
urated ketone 6 and compound 7, resulting from its further
chlorination, the degree of conversion of the initial hydrocarbon
not exceeding 37%.

Me 3C—CH 2CHMe 2
ACC1A1C1 3

60 °C, 12 h

Me2C=CHAc +

6
8:1

Yet another interesting route for the transformation of
alkanes containing a tertiary carbon atom in the presence of
AcCl-AlCU systems (excess AcCl is normally used) has been
reported by French researchers.70-71 They found that, apart from
the products resulting from monoacylation of isoalkanes
(2-methylbutane, 2-methylpentane, 3-methylpentane, and
2,3-dimethylbutane), diacylated and triacylated compounds are
formed intermediately; under the reaction conditions, they are
converted into a mixture of pyrylium salts and, after treatment of
the reaction mixture with NH4OH, they are transformed into a
mixture of pyridinium salts. The transformation of isopentane
into a mixture of four pyrylium salts is illustrated in Scheme 4.70

Pyrylium salts are synthesised at 25 - 53 °C over a period of
5 - 23 h without a solvent or in CHCI3. The yields of the products
depend strongly on the reaction conditions and do not exceed
20%-25%.7 0 The reactions of 2,2,4-trimethylpentane, which
readily undergoes cracking, with RCOCIAICI3 systems
(R = Me, Et, Pr') afford isobutane, saturated and unsaturated
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Scheme 4
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ketones of the isobutane series, and a 2,4,6-trialkylpyrylium salt
arising via transformations of diacylated isobutene.71

Me3C—CH2CHMe2
AcClAICb

35 °C, 23 h

Me2C=CHAc + Me2CHCH2Ac

AICI4

Mixtures of pyrylium salts obtained from isopentane and
isohexane also contain a 2,4,6-trimethylpyrylium salt as a side
product; this salt results from a transformation of isobutene,
which is formed upon cracking of the initial alkanes. An increase
in the content of aluminium chloride in the RCOC1 • nAICI3
systems (n > 1) sharply decreases the yield of the pyrylium salts
from isoalkanes. n-Alkanes do not enter into a similar reaction at
any ratios of AcCl and AJCI3.7071

Based on the acylation of methylcyclopentane, methylcyclo-
hexane, and 2-methylbutane with alkenoyl chlorides in the
presence of AcCl • AICI3, pentalenes, hydrindenones, and cyclo-
pentenones have been synthesised from saturated hydrocarbons in
yields of up to 60%.M

Examples of these reactions in which the chlorides of a,(3-
unsaturated acids 8 of the general formula RCH = CR'COCl have
been used as the acylating agents are presented in Scheme 5. The
reactions are carried out in the presence of AICI3 (sometimes, of
the AcCl • AICI3 complex).

The researchers64 suggested that these processes involve the
acylation of the alkene generated in situ and subsequent cyclisa-
tion (Scheme 6).

R'

Me2CH—CH2Me

SchemeS

Me' Me

So, when sixty years have elapsed after the first acylations of
cydoalkanes were performed, these reactions become interesting
from the synthetic viewpoint.

Scheme 6

Cl OAIO,

R1

Thus, the classical Friedel-Crafts complexes RCOXAICI3
can be used for functionalisation and, especially, for acylation of
isoalkanes and cydoalkanes capable of generating tertiary carbo-
cations. However, no examples have been reported of any
successful use of equimolar RCOX-AlCh complexes for the
functionalisation of linear alkanes and cydoalkanes containing
no tertiary carbon atoms.

HI. Functionalisation of alkanes and cydoalkanes
with aprotic organic superacidic complexes
RCOX 2A1C13

1. RCOX • 2A1CI3 complexes as sources of functional groups
The disclosure of superacidic properties of RCOX-2A1X3 com-
plexes has offered new ways for the low-temperature functionali-
sation of saturated hydrocarbons including linear alkanes and
nonactivated cycloalkanes.40'41 In this case, two routes for the
functionalisation are possible. The first route is electrophilic
functionalisation, which results in the introduction of an RCO
group into an alkane or cycloalkane molecule [see Scheme 1,
route (1), E + = RCO+]. The second route is nucleophilic
functionalisation initiated by an electrophile and resulting in the
introduction of a halogen atom into the molecule of a saturated
hydrocarbon [see Scheme 1, route (2), Y~ = Hal~ from
Al2Half]. Both functionalisation routes have been accomplished
(see the acylation, dehydroacylation, and bromination reactions
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Scheme 7

20%-60%

—»- iso-CnH^+iCOR + iso-C^H^-iCOR

' 4 - 6 , R = Me,Pr.

o MeCO+

MeCO+ —

MeCO+ —
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60%-80%

+ MeCO4
Br-

+ MeCO+

80%

Br-

34%

discussed below).40-41-72 In some cases, the yields of products are
sufficiently high and the reactions are fairly selective.

Examples of functionalisation of alkanes and cycloalkanes
under the action of the superacidic RCO + Al2Clf complexes
(1 - 2 h, 20 °C) are presented in Scheme 7.

The last example, namely, the transformation of tri-
cyclo[5.2.1.02-6]decane (9) into 1-bromoadamantane, includes
two consecutive reactions: isomerisation and bromination.

2. Functionalisation involving other reagents
When saturated hydrocarbons are functionalised with other
reagents, the RCO+Al2Xf complexes act either as promoters or
as both initiators and reagents.

a. Ionic bromination with Br2

The ionic bromination of saturated hydrocarbons with molecular
bromine in the presence or in the absence of acid catalysts has been
accomplished for a limited series of hydrocarbons such as
polyhedral or strained cycloalkanes.73'74 The ionic bromination
of n-alkanes was not described until 1988;75 and only a few

examples of this reaction involving isoalkanes and cycloalkanes
have been reported.76-77 For example, bromination of C4 and C s

isoalkanes and of cyclohexane in the presence of AgSbF6 gives
monobromides in 2 % - 2 7 % yields relative to AgSbF6, the
reactions being complicated by polybromination.76 The ionic
bromination of isoalkanes in the HSO3F-SbF5 protic superacid
also affords monobromides in low yields, and polybromides and
the products of hydrocarbon fragmentation are formed as side
products.77

Unlike other electrophilic reagents, AOS catalyse effectively
the ionic bromination of C3-C7 w-alkanes, cyclopentane, cyclo-
hexane, trimethylenenorbornane 9, and other cycloalkanes with
molecular bromine in the dark at temperatures ranging from - 20
to 20 °C.75-78 Conditions can be chosen under which monobro-
mides are formed exclusively or predominantly, their yields being
55%-370% relative to AcBr-2AlCl3 or 110-910% relative to
AcBr • 2AlBr3 (Tables 1 and 2).78

RH + Br2

CH2

(CH2),

RCOX-2A1X3

- H B r
RBr,

Br2
RCOX-2A1X3

- H B r '

Br

CH

(CH2V

The maximum yield of RBr relative to Br2 reaches 75%.
Under the conditions studied, the bromination is not complicated
by fragmentation. The reactions involving the C4-C7 n-alkanes
result in the formation of monobromides as mixtures of isomers,
while in the case of cycloalkanes, individual cycloalkyl bromides are
obtained. Equimolar ACX-AIX3 complexes do not catalyse the
ionic bromination of alkanes, the complexes containing AICI3 being
virtually inert. Aluminium bromide exhibits low activity in CH2Br2;
it is substantially less active than the Ac+Al2Br7~ complex.

The role of AOS in these reactions can reduce to the activation
of the Br2 molecule, which gives rise to species containing a
positively charged bromine atom (e.g. as Br3

+) and acting as a
superacid, which withdraws a hydride ion from an alkane
molecule (Scheme 8).

Scheme 8a

Br2 + Ac+AljBrf

RH +

RCOX-2A1X3
Br+Al2BrJ + AcBr

11Br2

- H B r
RBr + Br+Al2Br7

11-

Table 1. Ionic bromination of n-alkanes and cycloalkanes, catalysed by AcBr - 2AlBr3 and AJBr3 in CH2Br2 (according to a published work 78).

RH

n-C4Hi0

n-C5Hi2

n-C7Hi6

cyclo-CsHio
cyclo-C6H)2

Catalyst
(Ct)

AcBr-2AlBr3

AcBr-2AlBr3

AcBr-2AlBr3

AlBr3

AcBr-2AlBr3

AcBr-2AlBr3

AlBr3

AcBr-2AlBr3

AcBr-2AlBr3

AlBr3

AcBr-AlBr3

r/°c

- 2 0
0

- 2 0
- 2 0

0
0
0

- 2 0
- 2 0
- 2 0

0

»/h

3.0
1.0
1.5
1.5
1.0
0.6
0.6
2.5
3.0
3.0
3.0

[RH]:[Br2]:[Ct]

10:4:1
40:20:1
10:4:1
10:4:1
100:50:1
10:4:1
10:4:2
10:4:1
10:4:1
10:4:2
10:4:1

Yields of mono-
bromides (%,
relative to Ct)

161
485
302
97

914
114
19

242
300
86
0

Proportion of
monobromides
in the bromide
mixture (%)

100
82

100
-
65
-
-

100
100
100

—
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Table 2. Ionic bromination of n-alkanes and cycloalkanes catalysed by the AcBr • 2AICI3 complex and AICI3 in CH2C12 at 0 °
study78).

RH

n-C4Hio

n-C5H I 2

n-C 6 H H

n-C7H16

cyclo-CsHio

cyclo-C6Hi2

1 At 10 °C. b At 20 °C.

Catalyst
(Ct)

AcBr-2AlCl3

AcBr-2AlCl3

AcBr-2AlCl3

AcBr-2AlCl3

AICI3
AcBr-2AlCl3

AICI3
AcBr-2AlCl3

AcBr-2AlCl3

A1C13

AcBr-2AlCl3

AcBrAlCl 3

t/h

2.7
2.7
1.5
2.0
2.0
0.5
0.5
1.0
2.0
2.0
2.0
2.0

[RH]:[Br2]:[Ct]

10:4:1
10:4:1
10:4:1
20:10:1
20:10:1
10:4:1
10:4:2
10:4:1
10:4:1
10:4:2
10:4:1
10:4:1

Overall yield of mono-
bromides (%,
relative to Ct)

54"
142 b

203
369

7
66
0

90
55
4

133
0

(according to a published

Proportion of mono-
bromides in the
bromide mixture (%)

91
_

91
—
_

95
—

78
100
100
100

-

Another possibility is that a carbocation (R+) is generated
from RH by the action of the superacid RCO+Al2Brf; this
carbocation withdraws Br~ from Br2 thus forming a bromide.

Scheme 8b
RH + Ac+

R+Al2Brf

AcH + Br

R+Al2Brf,

Br2

Br2

-Br2 , -HBr

Both schemes include stages in which the catalyst is regen-
erated. The Ac+Al2Br7 complex is the catalyst of the bromination
shown in Scheme 8b, whereas in the process shown in Scheme 8a,
this complex initiates the reaction catalysed by the Br3+Al2Brf
complex. By increasing the amount of Br2 in the initial mixture
and the reaction period, one can accomplish polybromination of
alkanes, for example, of propane.

C3H8

The overall yield of polybromopropanes is quantitative relative to
Br2.

b. Carbonylation of cyclopentane
Acetyl bromide initiates carbonylation of cyclopentane with CO
in the presence of excess AlBr3 (AlBr3: MeCOBr > 1.8).79 This
reaction occurs at room temperature and under atmospheric
pressure and, after treatment of the reaction mixture with
ethanol, it leads to the corresponding ester.

o + CO + MeCO+

\/^co+

20 °C, 4 h

-MeCHO

-COOEt

5 3 % - 9 3 %

The selectivity of this reaction is 90%-99% and the yield of
the ester varies from 53% to 93% depending on the proportion of
AlBr3. Dicyclopentyl ketone and acetylcyclopentane are formed
as side products. The equimolar AcBr-AlBr3 complex is inert
under these conditions.

The mechanism suggested for this reaction is similar to that of
the known Haaf- Koch reaction,80 which includes generation of a
carbocation from a cycloalkane through the action of an electro-
phile and subsequent addition of a CO molecule leading to the
formation of an acylium-cation.

CO EtOH

CO4 COOEt

Side reactions:

o
RCO+ / V

" \/^COR

It is significant that in the presence of AOS, alkanes and
cycloalkanes have been introduced into reactions of new types (see
Sections c and d).

c. The synthesis of RSCOR'
Compounds RSCOR' have been synthesised from alkanes (or
cycloalkanes) RH, elementary sulfur, and the R'COX-2A1X3

complexes in 25%-60% yields relative to the initial sulfur
(Table 3).81

RH + S + R'CO+Al2Xf
0 to 20 °C

rec-RSCOR',

RH = C3H8,n-C4Hio,n-C5Hi2,cyclo-C5Hio,cyclo-C6Hi2;
R'CO+ = MeCO\PrCO\PhCO+ .

With cycloalkanes, the corresponding dicycloalkyl sulfides
R2S (R = cyclo-C5H9, cyclo-C6Hu) are formed in small yields.
The mechanisms possible for this reaction are shown in Scheme 9.

In the case of hydrocarbons containing tertiary carbon atoms
(isobutane, methylcyclohexane, adamantane), which are usually
more reactive than n-alkanes and than unsubstituted cycloalk-
anes, organosulfur compounds either are not formed at all under
the conditions studied or are formed in low yields.

In the presence of Al2Br6 or the equimolar MeCOBr AlBr3

complex, no organosulfur compounds are formed from alkanes
and sulfur, which is in agreement with published data indicating
that alkanes are inert with respect to sulfur at low temperatures.
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Table 3. One-stage synthesis of organosulfur compounds RSCOR' from
alkanes (cycloalkanes), elemental sulfur, and R'COCl • 2AlBr3 complexes
(according to a published study 8I).

RH

C3H8

n-C4Hio
cyclo-CsHio
cyclo-C6Hi2

R'

Me
Me
Me
Me
Pr
Ph

T/°C

20
0
0
0
0
0

</h

2
2.5
2
4
4
4

RSCOR'

PrSCOMe
Bu'SCOMe
cyclo-C5H9SCOMe
cyclo-CeHuSCOMe
cyclo-CeHnSCOPr
cyclo-C6HnSCOPh

Yield
relative
to S (%)

47
29
45
60
52
34

At elevated temperatures, the reactions of alkanes with sulfur are
non-selective and ineffective.82-83

Scheme 9
a)Ac+Al2Brf + S8 —*- AcS+Al2Brf,

RH + AcS+Al2Brf
-HBr, -Al2Br6

sec-RSAc;

b) RH + Ac+Al2Brf —*- ree-R+Al2Brf + AcH,

iec-R+Al2Brf + S8 —*• RS+Al2Brf,

AcH + RS+Al2Brf
-HBr, -Al2Br6

-»- AcSR.

Note for comparison that sulfurisation of alkanes (or
cycloalkanes) with elementary sulfur in CF3SO3H giving rise to
the corresponding (or isomeric) disulfides proceeds only upon
prolonged reaction at a high temperature.84

2RH + S R2S + H2S

RH

cyclo-CsHio
C3H8

iso-C4Hio

T/°C

150
150

125

//h

12
62

10

Reaction
product

(cyclo-C5H<>)2S
Pr2S
(mixture of isomers)
Bu2S

Yield
relative to
the reacted
sulfur (%)

46
47

33

d. Alkylacylation of aromatic hydrocarbons with alkanes (or
cycloalkanes) in the presence of RCO + Al 2 Xf complexes
The ability of superacidic RCO + A1 2 XT~ complexes to acylate
under mild conditions not only unsaturated compounds85 but
also alkanes 40>41>72 seemingly precludes the possibility of alkyla-
tion of aromatic compounds in the presence of these complexes.
However, it has been found that the acylating ability of these
complexes is suppressed in the presence of alkyl halides, and they
act as catalysts for alkylation, for instance, of benzene.86

<erf-C5HnCl +
Ac+Al2Of

v.—/ a rc , 1.5 h

—»• tert-C5HiiC6H5 + tert-CsHn-

85%

[C6H6]:[tert-C5Hiia]:[Ac+AI2af] = 180:36:1.

-CsHu-tert

10%

Alkylated aromatic ketones /erf-CsHnCe^COMe are
formed as side products in these reactions. The yield of the
alkylated aromatic ketones can be increased to 57% (relative to

Ac+A12C17 ) when the molar ratio of the reactants is 5:15:1. The
reaction is completed over a period of 5 min at 20 °C.

Apparently, the alkylacylation of benzene with alkyl halides
involves generation of a carbenium ion, which alkylates benzene.
Subsequently acylation of the alkylated benzene occurs
(Scheme 10).

R<X + RCO+Al2Xf

f y + R'+AljXf

Scheme 10

\=/
R' + RCO+Al2Xf

-HX, -AliXe

Since alkanes can give rise to carbenium ions in the presence of
RCO+Al2Xf complexes, they can be successfully used, instead of
alkyl halides, as alkylating agents for aromatic hydrocarbons.86-87

These reactions result in the formation of alkylated aromatic
ketones (Scheme 10). The one-stage alkylacylation of benzene
with isoalkanes or n-alkanes in the presence of the RCO+Al2Xf
complexes occurs at 0-20 °C. The yields of alkylacylation
products reach 65% -87% (Table 4). The yields of non-alkylated
aromatic ketones, the products of a competing reaction, are
relatively low (3%-20%). Isobutane and w-butane can be used
as alkylating agents. Butylated ketones are normally obtained in
somewhat lower yields (up to 68%) but they are also the major
reaction products.

R'H + 2RCO+Al2Xf
0 to 20 °C

-HX, -RCHO,

-AI2X6

R' = Buj, Bun, n-CjHn, 2,3-Me2C4H7, cyclo-CjH8Me;

R = Me, Pr, Ph; X = Cl, Br.

Alkylacylation reactions result in good yields of products only
when an excess ofthe'alkylating system'(R'H + RCO+Al2Xf)is
used, the molar ratio [R'H]:[RCO+A12X7~]:[C6H6] is (10 to
15): (3 to 12): 1, and the experimental procedure is thoroughly
followed.86-87

Alkylacylation of benzene with isobutane occurs regioselec-
tively and leads to thepara-isomers ofthe corresponding ketones.

+ iso-Gtfio + R'CO+Al2Xf —*•

The reaction of benzene with isopentane gives equal amounts
of para-substituted ketones differing in the structure ofthe pentyl
group.

iso-C5Hi2 + R'CO+Al2Xf —«"

Me2(Et)C- -COR'+ -COR'.

Alkylacylation of bromobenzene is more selective than that of
benzene, the yield of the corresponding ketone reaching 74% -
82% (see Table 4). The reaction with isobutane affords only one
isomer, 2-bromo-4-terf-butylacetophenone.86

/ ^ BBr

'Me.
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TaWe 4. One-stage alkylacylation of benzene and bromobenzene with alkanes (cydoalkanes) and RCO+A12X7 complexes.

Run R'H [RCO+A12X7]: T/°C

Benzene
1
2
3
4
5
6
7
8
9

10
11

iso-C4Hio
iso-C4Hio
iso-C4Hio
iso-C4Hio
iso-C4Hio
iso-CsHi2

iso-C5Hi2

iso-CsH)2

iso-CsHn
iso-C6Hi4
cyclo-C5H9Me

Bromobenzene
12
13
14
15

iso-GiHio
iso-C4Hio
iso-CsH]2
n-C4H ]0

a

R

Me
Me
Me
Pr
Ph
Me
Me
Me
Me
Me
Me

Me
Me
Me
Me

X

Cl
Cl
Br
Br
Cl
Br
Br
Cl
Br
Cl
Cl

Br
Cl
Cl
Cl

12:1
12:1
6:1
6:1
6:1
6:1
3:1
6:1
6:1
6:1
6:1

6:1
6:1
6:1
6:1

r/min Yield of products relative to ArH (%)

R'C6H3(Y)COR YC6H4COR

0
20

0
0
0

20
20
20
20
20
20

0
0
0
0

30
40
30
30
30

5
5
5
5
5
5

60
60
20
30

62
68
48
54
35
87
65
81
73
82
58

82
79
74
40

35
32
41
23
18
3

12
20

3
18
11

4
22
Traces

5

1 Before the reaction, the initial alkane was held for 3 h with a catalytic amount of RCO+A12

Apparently, the /wa-bromo-fer*-butylbenzene formed ini-
tially isomerises into the more stable /wefa-isomer in the presence
of a strong aprotic superacid. The acylation of the meta-isomer
into the para-position with respect to the tert-butyl group gives
rise to the reaction product observed. Activated arenes (toluene,
naphthalene, and meta-xylene) also form alkylacylation products,
but their yields do not exceed 10% of the yields of products
obtained by the direct acylation of arenes. At the same time,
arenes that contain strong electron-withdrawing groups (nitro-
benzene and acetophenone) remain unchanged under the reaction
conditions. This fact suggests that the reactions under considera-
tion occur as the initial alkylation of arenes followed by acylation
of the alkylated arenes. Apparently, in the case where the aromatic
compound is activated toward an electrophilic attack, the acyla-
tion and alkylation reactions proceed at comparable rates. There-
fore, in the presence of excess acylating agent, the acylation occurs
as the prevailing process. The difference between the acylation and
alkylation rates increases on passing from activated aromatic
compounds to benzene and, especially, to bromobenzene, which
is inert toward electrophiles. Therefore, in these cases, the initial
alkylation is the predominant or even the only reaction pathway.

Apparently, the scheme of the alkylacylation with alkanes (or
cydoalkanes) is similar to Scheme 10 and differs from it only by
the absence of the stage for the regeneration of the acylium
cation.86

R'H + RCO+A12XT" —*• (R') + Al2Xf + RCHO,

YQsHj + (R') —»- YC6H4R',

YC6H4R' + RCO+ — • YC6H3(R')COR.

We have also detected the 'alkane-type' reactivity of Bu'-
COMe in its interaction with benzene, which resulted in the
formation of the corresponding product of the alkylacylation of
benzene in 40% yield.86

• + Bu'COMe + Ac+Al2Clf —*•

-C(Me)2CH2COMe

IV. Reactions of acylium salts with saturated
hydrocarbons in protic superacids

Reactions of saturated hydrocarbons with acylium salts in a
medium of a protic superacid were described for the first time by
Brouwer and Kiffen.88 They showed that in the HF-BF3 and
HF-SbF 5 systems at 25 °C, acylium ion detaches a hydride ion
from the tertiary carbon atom in isobutane, isopentane, or
methylcyclopentane. In the case of isobutane, the degree of
conversion of an acylium salt amounts to 90% over a period of
12 h. The acylium salt is transformed into protonated ethyl
acetate, which arises, in the authors' opinion,88 via the interaction
of MeCO+ with the ethanol resulting from the reduction of
MeCO+ by the isoalkane. The conversion of isobutane leads
initially to protonated mesityl oxide (Scheme 11). The second-
order rate constant for this reaction is 3 x 10~5 1 mol~' s~l.

u + Scheme 11
Me3CH + MeCO+ •»

—*- Me3C+ +

11w
Me2C=CH2

1 MeCO+

Me2C+—CH2COMe

I - *
Me2C=CHCOMe

11
Me2C=CH—CMe

II

°1 „.MeCOG»H9-iso •

MeHC=O + H

EtOH

1 MeCO+

MeCOOEt

1"*
MeC—OEt

II
O+H

- MeCCJViso

O+H
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MeCO+

- H 2 O

Scheme 12

MeCO+

COMe

Me - H

COMe

When the duration of the process is more than 12 h, the mesityl
oxide formed is reduced by isobutane to give protonated isobutyl
methyl ketone.

Methylcyclopentane reacts with MeCO+ in a protic acid in a
similar way and gives rise to protonated l-acetyl-2-methylcyclo-
pentene and ethyl acetate.

MeCO+ + MeC—OEt +

O + H

:—Me

The reaction involving isopentane yields a more complex
mixture of products.

MeCO+ + Me2C(Et)H
H+

Me—C—OEt +
II
O+H

+ Me—C—C(Me)=CMe2 +

O + H

When cyclohexane is treated with MeCO + in excess HSO3F -
SbFs, an <x,p-unsaturated ketone — l-acetyl-2-methylcyclopen-
tene — is formed in 44% yield.89 It was suggested that the
dehydrogenation of cyclohexane is due to the generation of a
carbocation upon the action of the superacid HSC>3F-SbFs on
the cycloalkane rather than to the hydride transfer to the MeCO+

cation.90-91 Thus, the role of MeCO + reduces only to acylation of
the alkene existing in an equilibrium with the carbenium ion
(Scheme 12).

It should be noted that with n-alkanes, hydride transfer barely
takes place under the same conditions. For example, when butane
has been in contact with a solution of MeCO+BF4~ in HF-BF3
for 72 h, the transformation occurred by no more than 1%, and
the rate constant for this reaction, as estimated by Brouwer and
Kiffen,88 did not exceed 2 • 10 ~81 mol - ' s ~ ' . No transformations
of n-alkanes have been observed when they were treated with
MeC0 + in excess HSO3F-SbF5.89

V. The nature of the active complexes in acyl
halide - aluminium halide systems
Evidently, the abstraction of a hydride ion from a saturated
hydrocarbon by a superelectrophile leading to a carbocation is
the key stage of the functionalisation of alkanes and cycloalkanes.
This process includes one or several stages and occurs either by the
classical Olah scheme [Eqns (1) and (2) in Scheme 1]92 or by a
different mechanism.

From studies of equimolar RCOX - MXn systems, which were
started as early as the beginning of this century and developed
most significantly in the 1960-1970s, the structures of these

systems in the solid state and in solution are well known (see, for
example, reviews 44-93-94 and monographs 4 3~4 5 > 9 3~9 6).

The solid RCOX • A1X3 complexes (R = Alk, X = Cl, Br) exist
as ionic acylium salts or donor-acceptor complexes.94 The struc-
tures of MeCO+AlC£,97 and RC(C1) = O-»A1C13 [R = Et,98

C6H5," and o- and p -MeC^ 1 0 0 ] were determined by X-ray
diffraction analysis. The cationic fragment MeCO+ in the ionic
complex MeCO+AlCl4 is linear, which corresponds to
jp-hybridisation of the carbonyl carbon atom. The C - C - O angle
is close to 180 °, and the C - O bond is markedly shorter than the
0^2 = O bonds in ketones and acyl halides and even than that in
CO. The structure of the AICI4" moiety is close to tetrahedral.

X-Ray diffraction data provide valuable information also on
the electron density distribution in acylium cations. The positive
charge in the acylium cation C(2)H3C(1)O+ has been shown to be
mostly localised on the C(l) atom and on the hydrogen atoms
attached to C(2) but not on the oxygen atom. In fact, the C(1)-C1
and C(2)H3-C1 intramolecular distances between the nonbonded
atoms are almost always smaller than the sums of the van der
Waals radii of the corresponding atoms, whereas the Cl-O
distances are greater than the sum of the covalent radii of Cl and
O. This conclusion was totally confirmed by the data of an ab
initio LCAO MO SCF calculation.101 The results of this quantum-
chemical calculation are in good agreement with the experimental
values of bond lengths and bond angles shown in Scheme 13.

+0.37 •

H \ +0.60
H—C---C---O

H + 0.02

M \ +0.73
Me—C—C—O

H

Scheme 13

The electron density distribution in the MeCO+ ion inferred
from an X-ray diffraction structural study of MeCO+SbFJ (see
Ref. 102) is, in our opinion, less probable,94 because, according to
these data, the charge on the hydrogen atom (+0.07) in CH3CO+

is close to that in ethane, which is at variance with a number of
other studies indicating that the hydrogen atoms in the acylium
cation carry a substantial positive charge.

According to X-ray diffraction studies, the Lewis acid in
nonionic RCOX • AIX3 complexes is coordinated to the electron
pair of the oxygen atom of the acyl halide. This follows from the
presence of A l - O bonds in these compounds. The A l - O bond
lengths vary in the range 1.820 -1.847 A, and they are only slightly
larger than the A l - O bond lengths in such stable compounds as
aluminosilicates (1.79 A). The complex formation involving oxy-
gen results in the elongation of the C - 0 bond (1.21-1.24 A)
compared to this bond in noncoordinated RCOX (1.17 A). • °3 It is
significant that the C - O and C-Cl bond lengths are much the
same in various donor-acceptor complexes, which apparently
indicates that their strengths are similar. Conversely, the C - C
bond lengths in donor-acceptor complexes of the aliphatic and
aromatic series are markedly different. For example, the C( l ) -
C(2) bond length in the complex EtC(Cl) = O->AICI3 is close to
the length of the classical C ^ -C jp2 bond, while the A r - C bond
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in complexes like ArC(X) = O->A1X3 is shorter than the Ar-C
bond in a non-coordinated ArC(X) = O molecule.94 A specific
feature of the geometry of the donor-acceptor complexes
ArC(X) = O->AlX3 is a substantial increase in the bond angles
with respect to 120° typical of an i/^-hybridised carbon atom. This
distortion of the angles has been attributed104 to steric effects
occurring upon packing of the molecules in a crystal. The
geometry of the O-AICI3 fragment is that of a somewhat
distorted tetrahedron.94

According to 81Br NQR data,105 the AcBr-AlBr3 complex at
77 K is an ionic acetylium salt. The same complex obtained in a
solution in CH2Br2 at 77 K exists as the ionic salt
MeCO+[AlBr4-*CH2Br2]".

The RCOX • AIX3 systems have been studied in a broad range
of solvents (CH2C12, CH2Br2, CHC13) C2H4C12, C6H5NO2,
MeNO2, SO2, HF, CF3SO3H, etc.) by IR, Raman, and 1H, 13C,
and 27A1 NMR spectroscopy.41-94'106"109 The whole set of the
results obtained indicate that in the solvents listed above, except
for strong protic acids, the systems under study exist exclusively as
donor-acceptor complexes (the state of these systems in SO2 is less
definite94).

1. Acylation of arenes
Since 1877, when the AlCh-catalysed acylation of aromatic
hydrocarbons was discovered by Friedel and Crafts,110 the
mechanism of this reaction has been intensely studied both by
the same researchers and by many others. The current views on the
nature of the active species involved in this process and the
arguments in favour of the concept outlined are the following.111

The acetylium cation is a relatively weak electrophile due to
the resonance stabilisation of the carbocation centre by the
electron pairs of the oxygen atom.

M e — C 4 = M e — C ^

Therefore, it seems unlikely that benzene or other non-activated
arenes would react with the acetylium cation or with the donor-
acceptor complex, which is even less reactive. In fact, a study of the
influence of the acidity of the medium on the rate of acetylation
and benzoylation of benzene, toluene, and chlorobenzene with
MeCO+SbFs and PhCO + SbFg has led to the conclusion that in
an acidic medium, the protonated acetylium MeC+ = O + H or
PhC+ = O + H is the main reacting species.111 For example, the
reaction of benzene with MeCO + SbFe carried out in CF3COOH
(Ho = -2.7) at 5 °C for 12 h, yields less than 10% of acetophen-
one, while chlorobenzene remains unchanged over a period of 24 h
under the same conditions. The rate of acetylation increases by a
factor of 10 and more on passing from a solvent with Ho = — 12 (a
mixture of CF3COOH with CF3SO3H) to a solvent with Ho =
- 1 4 (CF3SO3H).'' • The NMR data indicate that for Ho = - 1 2 ,
the proportion of the MeCO+ ion in the complex is 60%, whereas
for Ho - —14, it reaches 75%. Calculations show that if it were
the acetylium cation that acted as the reactive species, the
acylation rate would increase by a factor of less than 2 following
the change in the acidity from H0 = —12 to Ho = —14.

Unlike benzene and chlorobenzene, toluene, which is more
reactive, gives acetylation products in 55% yield over a period of
12 h at 0 °C in CF3COOH. However, the ratios of the isomers
resulting from the acetylation of toluene in CF3COOH and
CF3SO3H are markedly dissimilar, which indicates that the
process occurs by different mechanisms in the media with differ-
ent acidities. Conversely, the isomeric compositions of the acyla-
tion products obtained in media with Ho = —10 and —18 are
identical. It has been assumed that toluene, which is an activated
arene, is capable of being acetylated with the MeCO+ ion in low-
acidity media. The strong acid HSbFsX formed in this reaction
also can catalyse subsequent reactions. In a medium with higher
acidity, the reaction involving the protonated acetylium cation is
the main route for the acylation of toluene.

The benzoylation of arenes with PhCO+SbF 6 - follows the
same regularities. It is noteworthy that an increase in the
benzoylation rate is observed at a higher acidity than Ho = - 1 4 ,
although spectral studies indicate that at Ho = -14, the system
exists exclusively as the ionic salt PhCO+SbF6 .U 1 The fact that
benzoylation requires more acidic media than acetylation has
been explained' • • by the lower reactivity of aroyl cations ArCO+

compared to that of the acylium cations AlkCO+, which is due to
the contribution of ketene-like structures.

PhC+=O PhC=O-*

It has also been suggested that the species formed from two
acceptor molecules play an important role in the acylation of
arenes in organic media. This hypothesis was stated for the first
time by Gillet to account for the activating influence of AICI3 on
the synthesis of ketones from arenes and RCOX • A1C13 com-
plexes.112 The hypothesis of Gillet was soon confirmed experi-
mentally.

A kinetic study of the AlCl3-catalysed benzoylation of
aromatic hydrocarbonsl13 has led to a complex equation for the
rate constant, most closely consistent with the concept of
participation of complexes of two types

yO—»-AlCl3

PhC(X)=O—*-AlCl3 and PhC

V -A1C13

Based on a kinetic study of the acylation of arenes with acetyl
chloride in the presence of A1C13 in dichloroethane, ortho-
dichlorobenzene, or in excess acetyl chloride, the workers
cited113 concluded that complexes of three types participate in
the reaction, namely, MeCO+AICI4 , MeC(Cl) = O->A1C13, and
Cl3Al«-ClC(Me) = O—A1C13.

Other investigators,'14 who have also studied the acylation of
benzene with RCOC1-A1C13 complexes in dichloroethane, have
shown that this reaction can be described by a simpler equation

v = A:[ArH][RCOCl-AlCl3].

The benzoylation of arenes with acyl halides in the presence of
AlBr3, at [AlBr3]: [PhCOBr] molar ratios of 1 and 1.5 has been
shown115 to obey second-order kinetics. Further increase in the
amount of AlBr3 results in a change in the reaction mechanism. In
this case, the reaction rate is described by a third-order equation.
The rate constants (k) for the benzoylation in a trichlorobenzene
solution are given below.

[AlBr3]: [PhCOBr] 1 1.5 2 2.5 3

k 0.4 6.0 128 225 327

It is seen from the above data that on passing from the
PhCOBr AlBr3 system to the PhCOBr • 2AlBr3 system, the rate
constant for benzoylation increases by a factor of 320. When the
quantity of AlBr3 is further increased, the rate constant smoothly
and slightly increases. The researchers115 could not explain this
phenomenon, and they stated only that the electrophilicity of
PhCOBr • wAlBr3 systems at n = 2 is markedly higher than that at
« = 1.

2. The nature of active species in reactions of activated
alkanes with acylium salts in media of protic superacids
The results obtained for reactions of isobutane with the acetylium
cation are in full agreement with the above data on the protonated
acylium cations as the species responsible for the acylation of
arenes in acidic media. Brouwer and Kiffen88 have reported on
the hydride transfer from isobutane to the acetylium cation
generated from acetic acid in an HF-BF3 medium.
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MeC + =O+H + =?=±= MeC+=O+H,

Me3CH + MeC+=O+H =^= Me3C
+ + MeCH=O+H.

At the same time, Olah and coworkers116 have shown that in
aprotic solvents such as SO2, SO2C1F, AsF3, and CH2CI2 this
reaction with the acetylium cation does not occur.

Me3CH + MeC+=O
SOj

Me3C
+ + MeCHO.

The views about a crucial role for protonated acetylium are in
agreement with the results of calculations, which indicate that the
abstraction of a hydride ion from isobutane by the acetylium
cation in the gas phase requires 8.5 kcal mol" ' . The protonated
acylium dication has not been detected by 'H NMR; however, in
the IR spectrum of the acetylium cation in a protic superacid, a
shift of the frequency corresponding to the carbonyl group has
been observed. Calculations have shown that a global minimum
on the potential energy surface corresponds to the [MeC-OH]2+

structure.117 It should be noted that the C2H4O2"1" dication has
also been observed in the gas phase by mass spectrometry.118

3. The nature of active species generated in aprotic superacids
RCOX • 2A1X3 and responsible for their reactivity toward
alkanes
In order to understand the reason for the high reactivity of the
RCOX-2A1X3 complexes, which differs so markedly from the
reactivity of the corresponding equimolar RCOX-A1X3 com-
plexes, we have studied the structures of both types of complexes
in the solid state and in solutions in CH2X2 using 81Br NQR, 'H,
13C, 27A1, and 17O NMR (in the solid state and in solutions), IR,
and Raman spectroscopy.41-105> 109 It was found that in the solid
state complexes of both types are ionic acylium salts differing only
in the structure of the anions: MeCO+Al2Xf for MeCOX • 2A1X3

or MeCO+AlXJ for MeCOX A1X3. This conclusion is at
variance with the suggestion of Bertoluzza, who has attributed
the structure (Ac-AlCl3)+AlCl4 to the isolated complex
AcCl-2AlCl3.

119

In CH2X2 solutions, the former complexes exist as equilibrium
mixtures of acylium salts MeCO+Al2Xf and donor-acceptor
complexes MeC(X) = O—>A12X6, whereas the latter exist exclu-
sively as coordination complexes MeCO(X) = O—>A1X3.

MeCOX + A1X3 =^=

^=t= MeC(X)=O-AlX3 -*•- MeCO+ADQ ,

MeCOX + 2A1X3 =^=

=S= MeCO+Al2Xf.

Thus, only RCOX-2A1X3 (R = Alk), which are active in the
reactions with alkanes, are able to generate effectively acylium
cations in low-polarity solutions, and this is their basic difference
from the corresponding equimolar complexes. A comparison of
two pairs of complexes: MesCO+Al2Brf and MesCO+AlBrJ
(Mes = 2,4,6-Me3C6H2), on the one hand, and Ac+Sb2FH and
Ac+SbFj" in SO2, on the other hand, has shown that only acylium
salts with dimeric anions are active in the reactions with alkanes
under mild conditions (Table 5).120

The very close similarity of the 'H and 13C NMR spectra of
active and inactive complexes of the composition RCOX • nAlX3

(n = 1,2) differing only in the structure of the anion (Table 6) gave
grounds to suggest that it is not the acylium salts themselves that

Table 6.13C NMR spectra of MesCO+X- salts with anions X~ = AlBrJ
and X- = Al2Brf (<5, ppm).120

, ppni Assignment

X - = AlBrJ X - = Al2BrJ

21.4 21.7 C(2)-CH 3

23.7 24.2 C(4) -CH 3

85.3 84.6 C(l)
153.7 153.9 C(2)
130.9 131.5 C(3)
162.1 163.1 C(4)
159.2 159.7 CO

Note. In the 27A1 NMR spectra of the MesCO+AlBri" and
MesCO+AljBrf complexes, the corresponding shifts of the 27A1 nuclei
are 79.4 (A = 12 Hz) and 93.0 ppm (A = 930 Hz).

are responsible for the superacidic properties of the
RCOX-2AIX3 systems. It was suggested that in solutions, the
acylium salts with the dimeric anions Al2Xf occur in an equilib-
rium with more electrophilic ionic complexes, namely, cationic
acylium complexes of the type 10a or 10b in which the cation is
additionally coordinated to the Lewis acid.41-94-12°

RCO+Al2Xf =±=

=s^= RC+=O->Al2Xf [RC+=O—A1X3]A1XJ

J
RC2 + —O—AljX2" [RC2+ — O—ADq

10a 10b

Table 5. Comparison of the activities of acylium salts with monomeric and dimeric anions in the cracking of n-alkanes and in the isomerisation of
trimethylenenorbornane 9 (according to a published study 12°).

Hydrocarbon
(RH)

n-CsHi8
n-CgHig
n-CsHis
n-C,2H26a

n-C8H18
c

n-C8Hi8
c

n-Ci2H26c

n-CI2H26c

9
9
9

Acylium salt (A)

Ac+SbF«
Ac+St^Ff,
Ac+St^Ff,
Ac+S^Ffi
MesCO+AlBrJ
MesCO+Al2Brf
MesCO+AlBr4
MesCO+Al2Brf
MesCO+AlBrJ
MesCO+Al2Brf
MesCO+Al2Br7

* In SO2.
 b Not determined.c In CH2Br2.

[RH]:[A]

1:1
1:1
1:1
1:1
1:4
1:4
1:2
1:2
1:10
1:10
1:10

3.0
3.0
1.0
2.0
0.5
0.5
0.5
0.5
5.0
5.0
8.0

Conversion of RH (%)

0
100
100
85
0

100
0

100
0

37
86

Products (yields relative
to RH, mass %)

_

iso-QHio (31) + oligomer (59)
iso-QHio (36) + oligomer (56)
seeb

—
seeb

—
seeb

—
adamantane (37)
adamantane (54)
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It is clear that the additional coordination should lead to a
more electrophilic cation, which in its extreme form, can be
represented as the acylium dication. The fact that these species
are difficult to detect experimentally must be due to their very low
concentration.

Data about the complexes that can be generated in the
MeCOCl • wAlCh systems (n — 1-3) have also been obtained by
semiempirical CNDO quantum-chemical calculations. The most
significant conclusion which can be drawn from these calculations
is that in the systems containing an excess of aluminium chloride
(n = 2 and 3), the formation of complexes 12 and 13, in which the
carbonyl carbon atoms carry larger positive charges than this
carbon atom in the acetylium cation 11, is in principle possible.121

0.49 0.56

O = C — M e
/ \

CK, ci

X
cr' 'ci

11

Ho 185 kcal mol"1

ci, ci

X
C1\0.79,,C1

C12A1—O—C— Me

a:' *d

A
cr'' xci

13

Ho = -423 kcal mol-1

CI3AI -*-O==.C—Me

C\''' Vl

M
cr'' 'ci

12

Ho 322 kcal mol

In the complex 12, which can be regarded as the acetylium cation
with a donor-acceptor bond =O->A1C13 (10b) postulated
previously as a key intermediate, the electron density on all the
atoms in the MeC = O fragment is substantially lower than that in
the non-coordinated cation 11: the positive charge on the carbonyl
carbon atom is + 0.56. The structure of 13, which also corre-

sponds to a local minimum on the potential energy surface, is of
special interest. The complex 13 can be regarded as a system
incorporating a Cl2Al-OC2+Me dication and two AICI4 anions.
The charge on the carbon atom in this complex reaches a record
value of+0.79.

Table 7 presents the enthalpies of the reactions, which
characterise the relative stabilities of the MeCOCl • /1AICI3 com-
plexes. From the data given in the Table, it follows that the
reactions (1) and (2) leading to charged species are strongly
endothermal. The formation of the polar complex 11 requires
less energy than the formation of separated ions. It should be
taken into account that these data refer to the gas phase, whereas
the energies of formation of the ions in solution can be much lower
due to solvation and agglomeration. In fact, the existence of
acetylium salts in solution has been proved, although calculations
for the reactions (1) and (2) indicate that their formation requires a
lot of energy (110.5 kcal mol""1). The formation of donor-acceptor
complexes of the composition 1:1 and 1:2 involves either release
of energy or absorption of a small quantity of energy. It is
significant that the formation of the complex 12 and even of the
dicationic complex 13 in the reaction of acetyl chloride with AICI3
(but not with AI2CI6) is energetically favourable, unlike the
formation of the acetylium complex 11.

Thus, the complexes 12 and 13 can be regarded as the most
likely key superelectrophiles, which are responsible for the high
activity of acyl halides (in the presence of excess aluminium
halides) with respect to alkanes. Apparently, the role of the
complex 13 is manifested only when the reaction mixture contains
a substantial excess of aluminium halide. The generation of the
carbenium ions from alkanes under the action of RCOX • 2AIX3
can be represented as follows:

RH + [R'C+ = R+Al2Xf + R'CHO,

RH + [R'C2+OA1X2]2A1XJ —»•

—». R+Al2Xf + R'CHO + AIX3.

At present, the idea concerning the participation of dications
or even of multicharged positive ions in organic reactions is
becoming more and more popular.117-m

Table 7. Enthalpies (AH) of reactions, characterising the stability of the MeCOCl • 71AICI3 complexes (according to a published study121).

Number of the reaction Reaction Atf/kcal mol- 1

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

MeCOCl + iAl2Cl6 •

MeC(Cl) = O-*AlCl3

MeCOCl +

= C + Me + AICI4

- MeC(Cl) = A1C1J

MeC(Cl) = O-AlCl 3

MeCOCl + iAl2Cl6 •

MeCOCl + j-Al2Cl6 •

MeCOCl + Al2Cl6 -

MeCOCl + Al2Cl6 -

MeCOCl + |A12C16 •

MeCOCl + 3A1C13 -

• (MeC+O)AlClJ

11

»• MeC(Cl)2OAlCl2

• MeC(Cl) = O->AlCl3

• MeC(O)Cl-»AlCl3

MeC(Cl) = O-.Al2Cl6

[MeC = O—AICI3]+

12

[MeC2+OA1C12] 2A1C1J
13

[MeC2+OAlCl2]2AlClJ
13

110.5

98.3

35.7

24.9

-7 .5

5.4

-2 .9

-4 .4

75.4

-2 .3
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VI. Conclusion

The high selectivity and the ease of one-stage functionalisation
reactions, the high yields of products, and the accessibility of both
initial compounds and R C O X - K A 1 X 3 complexes (which are
obtained by mere mixing of acyl halides with aluminium halides)
suggest that the reactions considered above can be of interest as
methods for the laboratory syntheses of organic compounds from
alkanes and cycloalkanes.

The 'classical' Friedel-Crafts complexes can find application
in the functionalisation of activated saturated hydrocarbons. The
superacidic RCOX-2AIX3 complexes substantially extend the
possibilities for the direct functionalisation of alkanes and make
it possible to perform selective and effective transformations of
linear alkanes and simple cycloalkanes into functional derivatives.

The conclusion that dication-type species play a key role in the
reactions of alkanes with RCOX • 2A1X3 complexes has stimulated
the search for new superelectrophilic complexes, which would be
more accessible and more convenient to work with than the
complexes based on acyl halides and would open the way to new
types of functionalisation. Testing of a number of systems in
which the generation of dications is, in principle, possible has led
in recent years to new aprotic superacids, which are quite
promising regarding the functionalisation of alkanes.123"128 The
direct one-stage synthesis of organic compounds from saturated
hydrocarbons may be accomplished in the near future, at least, for
lower alkanes and cycloalkanes, which are relatively resistant to
cracking. The subsequent important and complicated task is to
develop new superacids containing no aluminium halides. The
advantages of such systems are obvious. In this case, the problem
of catalyst regeneration as well as ecological problems would be
solved more easily.

Advances in the development of homogeneous aprotic super-
acids also seem very important for the elaboration of solid
superacids of a new generation, which play a crucial role in the
chemistry of alkanes.
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for Basic Research (Grant 96-03-33255) and by the International
Science Foundation (Grant MRA 000). During the preparation of
this review, we were encouraged and given practical support by
Professor Yu. T. Struchkov. To our great sorrow, we could not
express our gratitude to him fully— it remains in our hearts.
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Abstract. The influence of external factors on the formation of
various polymorphic modifications of poly(vinylidene fluoride)
(PVDF) and the copolymers and blends based on it is examined. It
is shown that the formation of a particular conformational
structure of the PVDF chains may be controlled by regulating,
for example, the fraction of irregular 'head to head' ('tail to tail')
attachments and by selecting a suitable comonomer or component
of the blend. It is shown that polar modifications of PVDF may be
obtained by its crystallisation from solutions in specific solvents.
The important role of high pressures was noted in block crystal-
lisation. Solid-phase transformations may be initiated with the aid
of tensile and compressive deformations (within certain tempera-
ture ranges), high electric fields, and exposure to radiation. It is
shown that both the type of the lattice and the variety of the
morphology of the PVDF change on crystallisation in a blend
with amorphous poly(methyl methacrylate). The characteristics
of the dynamics of the block PVDF chains, obtained predom-
inantly with the aid of dielectric spectroscopy, have proved
sensitive to the polymorphism and the kind of morphology and
may yield additional information about the structure of the
noncrystallising regions of the polymer under consideration. The
bibliography includes 383 references.

I. Introduction

A systematic treatment of the structure and properties of
poly(vinylidene fluoride) (PVDF) is of interest because it has
effective piezoelectric and pyroelectric properties.1'2 It is one of
the most promising polymeric ferroelectrics. It is used for practical
purposes in the polarised state (for example, in various kinds of
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transducers3), so that knowledge of the mechanism of the
structural changes in strong electric fields is obligatory. Analysis
of published studies has shown that polarisation processes depend
on the characteristics of the structure and the nature of the
molecular mobility in crystalline and amorphous regions.

One of the most informative methods for the study of the
microstructure of PVDF chains is high-resolution nuclear mag-
netic resonance, NMR spectra of polymer solutions being
recorded. A series of peaks, associated with defects in the 'head
to head' or 'tail to tail' attachment, may be distinguished for 19F
nuclei.4 As the apparatus improved, it became possible to obtain
spectra at higher frequencies,5"8 which yield detailed information
about the microstructure of the PVDF chain. In particular, the
influence of the suspension (or emulsion) polymerisation method
on the microstructure of the PVDF chain has been discussed.7 In
order to obtain additional information, data on the 13C reso-
nance9"10 or the resonances involving all three nuclei entering
into the composition of the chain (!H, 13C, and 19F) at once u are
resorted to. The application of two-dimensional NMR spectro-
scopy 12>13 has also expanded the existing ideas about the micro-
structure of the PVDF chain. This method is used in the study of
the microstructure of the chains in vinylidene fluoride (VDF)
copolymers with perfluoroalkyl trifluorovinyl ethers,14 trifluoro-
ethene (TrFE),15 tetrafluoroethene (TFE), or hexafluoropro-
p e n e 16,17 Having estimated the spin-spin coupling constants for
neighbouring sections of PVDF in the trans-(T) or gauche-
conformations (G), it is possible to estimate their proportions.
For example, the fraction of the TT conformations for the
monochlorobenzene-dimethyl sulfoxide solvent mixture
increases significantly when the fraction of monochlorobenzene
is reduced.18 It is assumed that there must exist a correlation
between the conformations of the VPDF chains in solution and in
the block state.

The crystalline phases of PVDF and of its copolymers are
characterised by the presence of at least four polymorphic
modifications [a (II), 0 (I), y (III), and a (IV)]. These modifica-
tions are distinguished by the conformational structure of the
chain and by the nature of the packing of the macromolecules in
the unit cell of the crystallites. The characteristic conformational
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O H

Figure 1. The structure of the crystal lattice of the p modification of
PVDF.19-3*

chain structures for three of the modifications listed above are
presented in Figs 1-3. Evidently conformations of the TGTG,
T3GTSG, and 'planar zigzag' types are characteristic of the a
phases, y phases, and P phases respectively.19 One may note that,
owing to the phenomenon of rotational isomerism involving the
hydrocarbon skeleton of the chain, the transition from the 'planar

zigzag' conformation to the TGTG conformation is accompanied
by an almost twofold increase in the identity period along the
chain (c axis of the cell).

The Raman and IR spectroscopic methods are known to be
'sensitive' to the short-range order, i.e. they should be more
informative as regards the chain conformation. Numerous litera-
ture data on the vibrational spectra of PVDF have confirmed
this.19-35 Table 1 presents the results of the study of PVDF
crystallised in three different modifications — their symmetries
and characteristic vibrational frequencies. It follows from the
tabulated data that there exist a series of characteristic absorption
bands for each conformation and that this can be used to identify a
particular PVDF conformation.

Since Table 1 presents mainly the characteristics of localised
vibrations, it should be supplemented by data on the low-
frequency vibrations characterising as a rule the lattice modes of
motion. Thus, according to Latour et al.,20 these modes for PVDF
crystallised as the a, P, and y phases are characterised by
absorption bands at 100, 70, and 90 cm-1 respectively.

The need to characterise PVDF and its copolymers by the
degree of crystallinity a frequently arises. The so called 'crystal-
line' or 'amorphous' bands are usually found for this purpose in
spectroscopic practice for crystallisable polymers. Such bands
have been found also for PVDF. The bands at 600, 740, and
905 cm"1 have been classified as amorphous and those at 1180
and 1235 cm-1 have been classified as crystalline.34-35 According
to Kobayashi et al.,25 the 489 c m - ] band for PVDF crystallised in
the P and y modification should also characterise the nonordered
phase. The 442 cm-1 band characterises the chain vibrations in
the 'planar zigzag' conformation present in the crystal whereas the
510cm-1 band is characteristic of such conformers in the
crystalline and amorphous phases.15 The conclusion that bands
sensitive to the presence of fragments with long trans-sequences is
useful for practical purposes: these are vibrations with frequencies
of 840 and 1275 cm-'.27 Regions which may yield information

l M V c m

Figure 2. The structure of the crystal lattice of the a modification of PVDF with parallel chains (/) and the phase transition to the otp phase on 180'
rotation and translation by c/2 of the central chain (II).19
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Table 1. Phe assignments of the IR absorption bands for the a, P, and y phases.19

aPhase (TGTG)

I

3026

2986

1425
1404
1385
1294
1213
1185
1150
976
874
855

796
765

615

532
490
410

355
287

II

A'
A"
A"
A'
A
A'
A"
A'
A"
A"
A"
A'
A'
A'

A'
A"

A'

A"
A'
A'

A'
A1

III

v.CH2

v.CH2

5CH2-coCH2

<5CH2 + coCH2

c5CH2 + a> CH2

v a CF 2 - rCF 2

vaCF2 + <uCH2

vsCF2 + /CH2

v»CC-v,CF2

/CH 2

vaCC + v9CF2

rCH2

rCH2

5CF2 + SCCC

SCF2-S'CCC

<5CF2

SCF2+ (0CF2
rCF 2

/CF2 + rCF2

/CF2 + co CF2

y Phase (T*GTiG)

I

3023

2981

1431
1406

1234
1176
1140

880
838
813
792
776
723
688
656

552
511
482
430
400
348
300

II

A'
A"
A"
A'
A'
A'

A"
A"
A"

A"
A'
A1

A"
A'
A"
A"
A"

A'
A"
A'
A'
A"
A"
A'

III

v,CH2

v,CH2

<5CH2-cuCH2

<5CH2 + coCH2

vaCF2 + eoCH2
v,CF2 + /CH2

v a CC-v,CF 2

vaCC + v,CF2

rCH2

rcn2
rCH 2

<5CF2

5CF2

SCF2

6CF2

SCF2

SCF2

<5CF2 + mCF2

rCF 2

rCF 2

/CF2 + rCF2

ICF2 + WCF2

Note. Designations adopted: I -band (cm-1); II-symmetry; III-type of vibration.

P Phase (77)

I

3020

2978

1430
1400

1180

880
840

508
490
470
445

II

Bx

Ai

Ax
Bx

B2

Ax
B2

A[

Bx
B2

III

vaCH2

v,CH2

8CH2

toCH2 - v a C C

v C F 2 - O F 2 + rCH2

vsCF2 + v,CC
r C H 2 - v a C F 2

5CF 2

o>CF2

rCF2 + rCH2

about the defects of 'head to head' attachment have been differ-
entiated by calculating the densities of vibrational states in PVDF
chains.31

We shall consider certain crystallographic aspects of the
packing of the chains in the unit cell. Fig. 1 presents the unit cell
parameters for (3-phase crystals. According to Servet et al.19 and
Lando and Doll36, this is an orthorhombic cell belonging to the
Cmim space group and the density of the crystal is 1.97 g cm~3.
Fig. 2 presents a schematic illustration of the unit cell of the a

• <

phase with a parallel arrangement of the chains in the lattice. In
this case, the cell is monoclinic with the Cc space group, whereas
for antiparallel chains it is orthorhombic with the space group
Fl\cn. In both cases, the cell is found to be nonpolar, since the two
chains in the repeat unit have opposite dipole moments. The ap

phase * differs from the a phase only by the fact that the overall
dipole moment per cell is not zero. The appearance of additional
extinctions of the reflections in the case of the Op phase indicates its
greater symmetry compared with the a phase.

The nature of the packing of the chains in the PVDF y phase is
illustrated in Fig. 3. The workers who have studied systematically

t The mechanisms of the formation of this form will be discussed below.

Table 2. X-Ray reflections and structure factors FHU for the PVDF
P phase.38

b = 9.62 A

Tfr
Figure 3. The structure of the crystal lattice of the y modification of
PVDF.19

hkl

200
110
001
310
020
201
411
400
220
311
021
401

d'lk

4.29
4.26
2.56
2.47
2.46
2.20
2.19
2.15
2.13
1.78
1.77
1.64

e/deg

10.35
10.42
17.53
18.18
18.3
20.53
20.57
21.06
21.21
25.69
25.79
27.96

Fw

9.31
16.6
7.2
5.15
5.4
1.1
5.7
1.5
0.24
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Table 3. X-Ray reflections
phases of PVDF.38

hkl

100
020
110
Oil
120
021
111
121
130
031
200
040
210
131
002
012
220
140
041
211
102
022
112
221
230
141
122
032

d'/k

4.96
4.82
4.41
4.17
3.46
3.34
3.19
2.77
2.7
2.64
2.48
2.41
2.4
2.33
2.31
2.25
2.21
2.17
2.14
2.13
2.09
2.08
2.05
1.99
1.96
1.96
1.92
1.88

and structure

fl/deg

8.94
9.20

10.07
10.66
12.89
13.36
13.98
16.17
16.61
16.99
18.11
18.66
18.72
19.33
19.49
20.07
20.46
20.83
21.15
21.21
21.6
21.72
22.13
22.79
23.12
23.13
23.66
24.27

factors Fh

Fm
a

36
52
83

56
72
48
39
45

42
9

49

47

*/ for the a. and Op

Op

0
52

100

0
72
52
0

56

64
9
0

47

Table 4. The calculated and experimental interplanar spacings and the
indexing of reflections for y phase crystals.19

hkl

020
110

021
022

130

023
131

200

041
132
004
221
042

dlk
experi-
ment

4.81
4.38

3.34

2.69

2.58

2.46

2.30

2.14

calcu-
lation

4.81
4.39

4.26
3.32

2.69

2.59
2.58

2.47

2.32
2.32
2.30
2.14
2.13

hkl

024
114
133
150
223
151
134
240

241
204
152
044
310
241
060
311
224
061

dlk
experi-
ment

2.07

1.76

1.63

calcu-
lation

2.07
2.04
2.04
1.79
1.79
.76
.75
.72

.69

.68
1.67
.66
.62
.61
.60
.60

1.59
.58

the PVDF structure hold different views concerning the crystallo-
graphic identification of the y phase. One of the reasons for this is
the difficulty of obtaining the y phase in the oriented state.
Another one is the possibility of the formation of two modifica-
tions of the Y phase. According to Weinhold et al.-37 this may be
the cause of the assignment of the y phase to the orthorhombic
system with the Clan space group, on the one hand, and to the

monoclinic system with the Cc space group, on the other.
Tables 2 - 4 present the angular positions of the principal reflec-
tions with their identifications and their structure factors {FUJ) for
all four polymorphic modifications of PVDF considered.

n. The specific effect of solvents on the
conformational characteristics of the chains of
poly(vinylidene fluoride) obtained by
polymerisation or crystallisation from solution

An attempt has been made39 to obtain PVDF single crystals by
crystallisation from solution. A 90:10 mixture of monochloro-
benzene and dimethylformamide was used as the solvent. At a
solution concentration of 0.01%-0.1% and with the solutions
cooled slowly, crystals of the a phase were obtained with a
thickness of the lamellae of 90 A, the chain axis being arranged
at right angles to the surface of the crystal. According to the
assignment, crystals with a monoclinic lattice in the P modifica-
tion were obtained as a result of precipitation from dimethyl
sulfoxide. This can hardly be regarded as reliable, since later this
conclusion was not confirmed by any investigator using the same
solvent. Crystallisation from an good solvent such as dimethyl
sulfoxide is most likely to result in the y phase. For example,
Makarevich and Sushko35 and GaPperin et al.40 arrived indepen-
dently at this conclusion. The crystallisation conditions appar-
ently play a by no means secondary role. Thus, according to the
results of Gal'perin et al.,40 crystallisation from solution in an
good solvent (dimethyl sulfoxide or dimethyl formamide) affords
the y modification of PVDF only at a temperature of the support
below 140-150 °C. Analysis of the formation of films from
solutions in variable solvents showed that the crystals of the y
phase are obtained from solutions in acetone, dimethyl sulfoxide,
and ethyl methyl ketone, whilst those of the a phase are obtained
from solutions in methyl propyl ketone, dipropyl ketone, butyl
methyl ketone, acetophenone, cyclohexanone, or their mixtures.35

The presence of the a phase on crystallisation from solution in
cyclohexanone (on the surface of water) has been confirmed
indirectly by the presence of spherulites in the crystallised films 41

which are usually produced by crystals of this modification.
The conclusion that the y phase is formed on crystallisation

from a mixture of good and poor solvents for PVDF 39 has been
confirmed by the results of a study42 where monochlorobenzene
was again used as the poor solvent, whilst the good solvent was
dimethylacetamide. According to this study,39 the y phase crys-
tallises at a concentration of 0.1%, whereas at a concentration of
~ 0.5% the a modification is actually produced. It has been noted
that the crystals of the y phase are very resistant to an electron
beam, i.e. they are not converted into an amorphous form in the
course of 10 min and longer (for comparison, we may note that
the crystals of the a phase are preserved for 0.5 min and those of
polyethylene for 1.5 min).

The influence of ionogenic impurities (in the polymer and in
the solvent) on the characteristic features of the crystallisation
process may be traced in relation to solutions of PVDF in
cyclohexanone. Thus crystallisation from a 0.02% solution of
PVDF in cyclohexanone is accompanied by the formation of a
pseudohexagonal structure.43 This was inferred from the ratio of
the unit cell parameters: a/b = 1.73 (for the pseudohexagonal
structure, a/b = y/3). Taking into account literature data, Miller
and Raisoni43 concluded (in contrast to Makarevich and
Sushko35) that PVDF crystallises as a mixture of p and y
phases. However, it was established with the aid of a series of
methods for monitoring the crystal structure that crystallisation
from this solvent is accompanied by the formation of the a phase
or its mixture with the y phase.44 In the latter case, the X-ray
method did not permit the estimation of the contributions of each
phase and their fractions were therefore calculated from IR
spectroscopic data: the y phase was assumed to be associated
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with the presence of absorption bands at 430 and 776 cm ~ ' in
addition to others.

Comparison of the published data permits the conclusion that
the polymorphic modifications deduced by different investigators
for solutions of PVDF in the same solvents are poorly reprodu-
cible. This forced Grubb and Choi44 to postulate the important
role of ionogenic impurities in crystallisation processes. The same
workers confirmed this hypothesis later45 in relation to dilute
(0.01%) and concentrated (5%-9%) solutions of PVDF in
dimethylacetamide (or in its mixture with monochlorobenzene).
It was observed that an increase in the concentration of ionogenic
impurities leads to an increase in the fraction of the y phase if the
polymer crystallises as a mixture of the a and y phases. This is
explained by the fact that, under the conditions governing the
formation of crystals with intrinsic polarisation, the latter possess
an appreciable electrostatic energy. For example, on the assump-
tion that the perpendicular and parallel components of the dipole
moment for the orthorhombic lattice of the y phase crystal are
4x 10~30 and 3.4 x 10"30 C m respectively, the surface charge
densities on the 100 and 001 planes were found to be Pa = 0.073
and Pc = 0.062 C m " 2 . Asa result of an increase in the concen-
tration of ionogenic impurities, the latter are deposited on a plane
having the opposite charge and give rise to a depolarising field. An
appreciable decrease in electrostatic energy thus has a favourable
effect on the crystallisation of the polymer in a polar phase.

The high energy of the electrostatic interaction between the
PVDF chains is apparently one of the causes of an unusual
phenomenon — the displacement of the solvent from the bulk
phase in experiments on the swelling of PVDF in various solvents,
including those having a high affinity for the polymer (for
example, in dimethylformamide).46 Experiments on the swelling
of biaxially oriented PVDF film in various solvents (or their
mixtures) have shown that the equilibrium swelling tends to
decrease with increase in the amount of precipitant in dimethyl-
formamide — water and acetonitrile-water mixtures. It was
noted that even the best solvents have a low affinity for the
polymer, which is approximately the same for the a and P
modifications. The remark by Chapiro et al.46 that all solvents
are spontaneously desorbed from the film after its removal from
the medium (liquid or gaseous) owing to the higher energy of the
polymer-polymer interaction is significant.

Yet another contradiction, noted when data on the crystal-
lisation of PVDF from acetone were compared, can probably also
be accounted for by the influence of ionogenic impurities on the
nature of the polymorphic modification formed when PVDF
crystallises from solutions. According to the data of Makarevich
and Sushko,35 this process results in the formation of the y phase,
whilst according to those of Kochervinskii et_al.47 this should be
the <x phase, since bands typical of the TGTG conformers were
observed in the IR spectrum: 100, 214, 287, 411, and 530 cm-1 ,
etc. It is noteworthy that the crystallisation from acetone in the
latter study 47 was accompanied also by a significant change in the
nature of the morphology. If the polymer crystallises from the
melt, spherulites with a high birefringence coefficient are formed.
In contrast to this, spherulites were hardly noted in the film
crystallised from acetone.

Yet another cause of the contradictions noted in different
investigations may be failure to take into account other factors,
for example, the molecular mass, the characteristics of the
molecular mass distribution (MMD), the number of 'head to
head' defects, the form of the end groups, etc., data on which are
not always reported. One should apparently consider separately
the characteristics of crystallisation from solutions not of the
homopolymer but of the VDF-TFE 94/6 copolymer, which, in
contrast to the homopolymer, crystallises from the melt at once
mainly as the P phase.32-48 It has been observed that the
crytallisation of this copolymer from an 8% solution in pure
dimethylformamide leads to the formation of the p phase with a
morphology comprising spherulites with an average size of
2 - 3 um.48 The crystallisation of the same copolymer from

solution in a 76:24 dimethylformamide-ethyl acetate mixture
leads to an appreciable alteration of the morphology of the p
phase formed. In this case, the spherulites are no longer formed
and the film (in contrast to the film obtained from pure
dimethylformamide) is characterised by an optical transparency
which is several times greater. Analysis of the results of X-ray
analysis has shown32 that the size of the crystallites for the
coexisting ferroelectric and paraelectric phases is smaller in the
case of crystallisation from the solvent mixture and the fraction of
the paraelectric phase is also reduced.

It appears attractive to use the phenomenon of epitaxy for the
formation of the required polymorphic PVDF modification. In
this case, one should consider the results of several studies in
which the crystallisation of PVDF from solution onto a support of
a particular crystal was investigated. Thus the crystallisation of
the homopolymer of the Kynar 460 type (Afw = 451000,
Mn = 160000) from 6.3 vol.% solution in dimethylacetamide on
the surface of a KBr crystal at 60 °C leads to the formation of a
nonoriented y phase,26 while crystallisation of the same crystal (on
the 001 plane) from a dilute solution (0.1%) of PVDF in
dimethylformamide at a temperature of the support of 165 °C
leads to the formation of lamellar crystals of the P phase oriented
along two directions in the 110 plane of the support.49 An exact
correspondence of the lattices in epitaxial crystallisation is not
obligatory, since the difference between the identity periods of the
substrate and support ranges from 4.3% to 5.6%. Analysis of
electron diffraction patterns has shown that the be plane of the
unit cell of the PVDF p phase grows parallel to the plane of the
support, the growth being directed predominantly along the b
axis. Crystallisation from a dilute solution of PVDF in dimethyl-
formamide onto the 001 plane on the surface of muscovite or
NaCl at 180 °C has been investigated.50 The y phase formed is
characterised by a monoclinic cell with a 93 °C angle and the
T^GT-iG conformation of the chain. The possibility of the
formation on NaCl of two lattices with mirror symmetry relative
to the 001 plane of the substrate has been demonstrated. Accord-
ing to the ideas developed, the possibility of the formation of a
modification of the y phase with antiparallel packing of the
dipoles in the cell is not ruled out. Epitaxial crystallisation of a
copolymer of vinylidene fluoride and vinyl fluoride (molar ratio
95/5) has been investigated.5' The crystallisation was carried out
from a 0.1% solution in nitrobenzene at 90-105 °C onto the 001
planes of NaCl and KC1 crystals. Lamellar crystals with a rod-like
morphology are formed in both cases (according to electron
microscope data). Electron diffraction patterns have shown that
more perfect crystals are formed on the KC1 support than on the
NaCl support, although their size is greater in the latter case.

The differences are explained by the unequal concentrations
of specific defects on the surface of the support, which are the
nucleation sites. The above copolymer crystallises as the orthor-
hombic p phase, which has been confirmed by electron diffraction
data. The reflections have been indexed as Okl, which implies that
the be plane of the cell grows parallel to the plane of the support.

The studies of the influence of the conditions of the synthesis
of PVDF on its crystallographic and conformational character-
istics must be analysed in the light of the data considered. In one of
the early studies,52 the characteristics of the polymer obtained for
different methods of initiating the polymerisation of VDF were
compared. It was shown that the change from chemical to
radiation-induced initiation is accompanied by a transition from
the p phase crystals to those of the weakly ordered a phase. It was
observed later that the decisive factor in the formation of a
particular polymorphic modification is nevertheless the medium
and not the initiation method.53 Indeed, whereas the radiation-
induced initiation in the gas phase is characterised by the
formation of the relatively imperfect a phase, the transition in an
aqueous medium is accompanied by the appearance of p crystals,
i.e. the 'planar zigzag' conformation of the chain proves to be
more favourable for the chain in a polar condensed medium in
which the polymerisation takes place.
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The study of the influence of the initiation method on the
nature of the morphology of the films obtained on crystallisation
from solution of the polymerisation products has shown that,
regardless of the molecular mass of the polymer, chemical
initiation always results in the formation of spherulites with an
average size of 1-12 urn.53 On radiation-induced initiation, the
spherulites are formed in the film only for molecular masses below
2 x 10s. With increase in molecular mass, dendritic crystals appear
initially and then atructures of the 'shish-kebab' type. PVDF
obtained by the radiation-induced cross-linking has been char-
acterised in greater detail by Doll and Lando.54 Analysis showed
that the polymerisation conditions do not affect significantly the
number of 'head to head' defects, which varied in the range from
6.8% to 9.7%, but may be reflected appreciably in the molecular
mass of the chain formed. For example, the radiation polymer-
isation of VDF in acetone is accompanied by an appreciable
decrease in the intrinsic viscosity of the product compared with
that of the commercial polymer obtained by suspension polymer-
isation. At the same time, this leads to an increase in the melting
point of the former by 15 -17 °.

Polymerisation in dimethylacetamide, dimethylformamide,
and dimethyl sulfoxide is accompanied by the crystallisation of
the polymer with the 'planar zigzag' conformation (($ phase), but
the polymers are distinguished by instability and are degraded on
heat treatment. Polymerisation in fluorine-containing solvents
(trifluoroacetic acid, etc.) leads to a high-molecular-mass prod-
uct, which may ensure the formation of a well oriented state under
the conditions of uniaxial stretching. Fairly unusual properties
have been reported for PVDF obtained by a special type of
polymerisation ensuring single additions of the repeat units to
the chain.55 The polymer obtained exhibits a weak absorption of
water and has enhanced electrical parameters (specific volume
resistance, breakdown potential, etc.) The effective electret char-
acteristics of the films obtained from the above polymer are also
included among its quite unusual properties (admittedly these
were not subsequently confirmed by any investigator). Thus it has
been noted that the electret charge (with a surface density of
10-20 CGSE charge units per cm2) may be retained for ten years
and does not require preliminary protection by 'short circuiting"
the charged surfaces. The electret charge is also more resistant to
the effect of temperature and various media (air, oil, solvents).

Certain properties of polymer with a reduced number of'head
to head' defects in the chains (2.7% - 3.2%) have been reported.56

New types of initiators and catalysts (for example, Ziegler-Natta
catalysts) were employed in this investigation. Comparison of the
characteristics of this polymer and those of commercial PVDF
(having 6% of irregular attachments) showed that the extinction
of the absorption bands characteristic of the different poly-
morphic modifications of the polymer varies in the sequence
a > P > 7, whereas for the commercial product it varies in the
sequence a < |J < y. According to the results of Liepins et al.,56

the crystallisation of the new polymer from hot dimethylform-
amide results in the formation of crystals of the a phase* whilst the
crystallisation of the commercial PVDF affords crystals of the p
phase. Thus, when the concentration of the chemical irregularities
along the PVDF chain is reduced, the TGTG conformation
becomes energetically more favourable than the TiGTiG or
'planar zigzag' conformation.

In a number of studies,57"61 attention was concentrated on the
investigation of the influence of the end groups in the PVDF
chains on the properties of the polymer, including its properties in
the block state. It was noted that the radical polymerisation of
VDF in an aqueous medium under the influence of two different
initiators — potassium persulfate (PPS) and p-hydroxyethyl tert-

% In this and all other casts where one is dealing with crystallisation from a
solution in hot dimethylformamide of a VDF/TFE copolymer, one should
note that the process is accompanied by dehydrofluorination reactions
with formation in the chain of new functional group of the type
-CH = CF- ,CH = CF2,C = O.

butyl peroxide (HETBP) — is accompanied by a significant
change in the properties of the polymer obtained. When PPS was
used, the number of volatile substances in the latter proved to be
higher by an order of magnitude,58 which was manifested by a
reduced thermal stability of the polymer.S9 The results obtained
by analytical methods, including isotope analysis,61 showed that
CH3 end groups predominate in polymerisation with participa-
tion of HETBP, whereas in polymerisation involving PPS there is
a possibility of the formation of hydroxy-groups at the ends. In the
version involving the addition of ~CH2-CF2-OH groups, the
latter prove to be unstable and there is a possibility of dehydro-
fluorination reactions with elimination of HF in accordance with
the mechanism ~ C F 2 - O H - » H F + ~ C F = O.59 The thermal
stability and the electrophysical characteristics of the polymer
are impaired under these conditions. According to the ideas
developed,59 this difference in the macroproperties can be
explained precisely by the type of end groups, since other
characteristics of the microstructure hardly differed in the two
polymers (the number of irregular attachments, the molecular
mass of the chain).

The difference between the end groups in PVDF noted above
can be manifested also in finer details on the formation of the
polymer by crystallisation from the melt. It has been shown62

that, in the isothermal crystallisation of polymers under identical
conditions, the spherulites formed for PVDF with PPS proved
more perfect and were larger than for PVDF with HETBP. Under
the conditions of nonisothermal crystallisation in PVDF with
PPS, only 'normal' spherulites were formed, whereas for the other
initiator it was possible to find also 'anomalous' spherulites,
differing from the former in the way in which the lamellae were
packed along the spherulite radius. Films based on PVDE with
HETBP, obtained on rapid nonisothermal crystallisation,may
involve the formation of spherulites with a bimodal size distribu-
tion, in contrast to the films based on PVDE with PPS. The
difference between the end groups and hence between the
morphologies of the films affected indirectly also the character-
istics of the molecular mobility in the nonordered phase in the
vitrification region.62 Whereas the average relaxation times
differed only slightly in the two polymers, this could not be said
of either the form of the relaxation time distribution curve or of
the magnitude of the total dielectric absorption.

Several investigations touched upon the question of the
influence of the polymerisation temperature on the properties of
the polymer obtained. Thus, according to the data of Madorskaya
et al.,63 for the copolymerisa^ion of VDF with TEF, an increase in
the synthesis temperature from 303 to 373 K gives rise to a
tendency towards an increase in the number of 'head to head'
defects (from 3.5% to 4.7%)* for an approximately similar
molecular mass of the chain. This leads to a small decrease in the
equilibrium melting point and the enthalpy of fusion and to an
almost two fold increase in the half-crystallisation time. An
increase in polymerisation temperature leads to an increase not
only in the number of chemical irregularities in the chain but also
in the number of branches in them. For another VDF copolymer
(with fluorovinyl ether), an increase in emulsion polymerisation
temperature leads to even more striking charges: whereas at low
synthesis temperatures the copolymer is characterised by a
unimodal molecular mass distribution, at high temperatures it
has a bimodal distribution. It is concluded that an increase in the
synthesis temperature increases the low-molecular-mass fraction.
The study of various factors influencing the microstructure of the
VDF homopolymer with the aid of gel-permeation chromatog-
raphy, electron microscopy, and sedimentation analysis showed
that the kinetic parameters of the polymerisation process, the
molecular mass distribution, and the dimensions of the latex
particles depend primarily on the presence of the emulsifying

§ Cais and Soane M also arrived at the same conclusion in the analysis of
the NMR spectra of two types of PVDF with different numbers of
chemical irregularities in the chain.
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agent in the reaction medium. The polymer synthesised in the
presence of the latter is linear, in contrast to the randomly
branched polymer formed in a system without an emulsifying
agent.65

III. The influence of various factors on the
polymorphism of poly(vinylidene fluoride) in the
isotropic state
For the practical use of PVDF, for example in sensors of different
kinds,3 the choice of crystallisation conditions which would ensure
the formation of the required polymorphic modification is
important. It was shown above that this can be achieved by
selecting a suitable solvent in crystallisation from solution. In the
present section, attention is concentrated on the analysis of the
characteristics of crystallisation from the melt (at not very high
pressures) with emphasis on the discovery of the role of defects in
the chemical attachment of units to the chain and on the previous
thermal history of the specimen being crystallised.

Doll and Lando devoted several of their studies of the
polymorphism in PVDF36 '37-66 70 to the discovery of the
influence of 'head to head' type defects (HHTT) on the character-
istic features of its crystallisation. The fraction of the above defects
was varied by copolymerisation with TFE or TrFE. It was shown
that the VDF/TFE 93/7 copolymer is in the polymorphic P
modification even in the isotropic state on crystallisation from
the melt, whereas the homopolymer always constitutes the a phase
under the same crystallisation conditions. Here it is evidently
necessary to emphasise the special role of the TFE comonomer,
since the VDF/TrFE 91/9 copolymer still crystallises, like the
homopolymer, in the form of the a phase. Different workers
attribute this to the easier cocrystallisation of the CF2CF2 groups
with similar groups in PVDF, where the latter also enter into the
composition of the usual chemical irregularities of the homopoly-
mer chains. Tables 5 and 6 present the interplanar spacings d and
the indexing of the reflections for the b phases of the homopolymer
and the VDF/TFE 93/7 copolymer. The tables show that the
spacings d, in particular for the intermolecular reflection 200,
differ appreciably in these phases.

Table 7 presents the unit cell parameters for PVDF and three
of its copolymers. Evidently the introduction of the TFE como-
nomer into the chain leads to an appreciable loosening of the
lattice in the basal plane precisely for the 0 phase.

The equilibrium packing density in the crystal depends on the
number of the defects noted above, so that one may expect also
their influence on the kinetic parameters of the crystallisation.
This influence has been studied in detail in the crystallisation of
the a phase.71"73 The kinetics of the crystallisation of a large

Table 5. Indexing of the reflections and the corresponding interplanar
spacings for the PVDF p phase in the form of oriented fibres.36

Table 6. Indexing of the reflections for the isotropic specimens of the
P phase of the VDF/TFE 93/7 copolymer.36

hkl

110
200
001
020
310
111
201
220
400
021
221
401
330

d/k
(experiment)

4.24
4.24
2.56
2.45
2.45
2.19
2.19
2.13
2.13
1.77
1.64
1.64
1.41

hkl

600
121
511
530
002
040
112
202
331
601
240
530

d\'K
(experiment)

1.41
1.36
1.36
.36
.28
.24
.24
.24
.24
.24
.18
.18

hkl

200
001
310
020
111
201
400
311

d/k
(experiment)

4.42
2.55
2.50
2.20
2.20
2.20
2.20
1.81

hkl

021
221
401
420
510
600
112
240
520

d/k
(experiment)

1.78
1.67
1.67
1.67
1.49
1.21
1.21
1.21
1.21

Table 7. The lattice constants for PVDF and its copolymers.36

Composition Phase

PVDF a
PVDF/PTrFE91/9 a
PVDF P
PVDF/PTFE 93/7 p
PVDF/PTFE 83/17 P

Unit cell parameter /A

a

9.63
9.59
8.47
8.85
8.84

b

5.02
4.98
4.90
5.00
5.03

c

4.62
4.66
2.56
2.55
2.54

number of PVDF specimens differing both in the number of 'head
to head' defects and in the molecular mass have been investi-
gated.74 The fraction of the former was varied in the range
3.3% - 6 . 1 % , while the molecular mass was varied by more than
an order of magnitude from 52 000 to 703 000. Differential
scanning calorimetric (DSC) data were interpreted in terms of
the Hoffman-Weeks relation in the model with nucleation on
folded chains. The following relation is valid for this model:

(1)

where T is the experimentally measured melting point, 7b the
equilibrium melting point for a perfect crystal with an infinite
thickness, ac the free energy of the 'fold surface' of the nucleus,
Afff the heat of fusion per unit volume of the crystal, and / the
thickness of the lamella.

One of the tasks in the study by Chen and Frank74 was to
elucidate the question of the location of the 'head to head' defects,
namely whether they enter into the composition of the lamella or
are displaced on crystallisation into the interlamellar region.
Evidently, the former is valid, since the thermodynamic stability
of the crystallites decreases with increase in the fraction of the
above defects. For a hypothetical defect-free specimen,
To = 481.3 K is obtained. It has been noted that the linearity of
the T- fraction of HHTT relation agrees with the prediction based
on Flory's theory 75 and on the Sanchez model76 if it is assumed
that the 'head to head' defect can be regarded as a comonomer
unit. The degrees of crystallinity calculated from the heats of
fusion on the assumption that AHr = 1570 cal mol""1 also
decrease linearly with increase in the fraction of the defects. The
degrees of crystallinity based on DSC data, corrected by the linear
dependence of AH{ on the fraction of defects, agree very well with
the degrees of crystallinity obtained from density data. The degree
of crystallinity of a specimen free of the above defects, found by
extrapolation, is 82.5%. The study of PVDF specimens with
approximately the same number of irregular junctions but differ-
ing in molecular mass has led to the conclusion that the degree of
crystallinity may depend also on the molecular mass, other
conditions being equal.

The above experimental facts, indicating the influence of the
HHTT type defects on the nature of the packing of the chains in
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the lattice, initiated the development of studies on the theoretical
justification of the above phenomenon. For this purpose, the
nature of the variation of the potential energy of both isolated
PVDF chains and of block PVDF as the number of defects in the
HHTT form or in the form of the TFE comonomer is varied was
analysed in detail.77 For an isolated chain having the TGTG
conformation, an increase in the number of defects of both types
leads to a linear increase in the potential energy. For an isolated
chain in the 'planar zigzag' conformation, the potential energy
also increases linearly with increase in the number of defects in die
form of the TFE comonomer, whereas for the HHTT defects it
diminishes.Therefore the potential energy of an isolated PVDF
chain with the 'planar zigzag' conformation and a content of
HHTT defects in excess of 10% also proves to be lower than for a
chain with the TGTG conformation (in contrast to defect-free
chains). However, the use only of data on intramolecular inter-
actions (isolated chain) can give rise to serious errors in the
conclusions concerning the influence of the number of defects on
the properties of a real block polymer, since it is obligatory to take
into account also the change in the nature of the packing
(intermolecular interactions). For PVDF with 5% of type
HHTT defects, it has been shown that some increase in the
potential energy minimum is observed for both forms of the
polymer. More complete data are presented in Table 8.

Evidently the introduction of 5% of HHTT defects into the
chain has a more significant influence on the intermolecular
component of the energy. Comparison of the nature of the
change in the total energy for the P and a phases in the monoclinic
system (usually adopted by the majority of investigators) has
shown that the changes are greater in the former case. This agrees
qualitatively with the conclusion that the loosening of the a phase
lattice is less marked compared with the p phase when comono-
mers are introduced into the PVDF chain (Table 7).

In order to develop their concept, Chen and Frank 74 inves-
tigated the influence of the concentration of the HHTT defects on
the characteristics of the solid-phase a -* y transformation. We
shall consider the principal features (based on the data of different
investigators) of this transformation. Ishida and coworkers and
Prest and Luca 78 - 80 should apparently be regarded as the first to
report the possibility of this process, their papers being published
at approximately the same time. In the study of the annealing
defects in PVDF, it was shown78 that the y phase, or more
precisely its further two modifications, appear during high-
temperature annealing in the a phase of PVDF specimens
crystallised from the melt.79 The above phases were identified
from specific absorption bands: these are the 530, 767, 796, and
855 cm- 1 bands for the a phase and the 510, 779, 809, and
833 c m - 1 bands for the y phase (Table 1). In the general case,
three melting endotherms were observed on the DSC curves, one
of which is presented in Fig. 4. It was shown by spectroscopic
methods that the lowest-temperature fusion peak (Pi) is associ-
ated with the ot phase, and that the two peaks at higher
temperatures (Pi and Pi) are associated with the y phase. It has
been suggested that the fraction of the latter be estimated from the
ratio of the optical densities of the 510 and 530 cm"1 absorption
bands:

F(V)=:
D.'510 (2)

ra/°c

Figure 4. The melting endotherm for PVDF crystallised as the ot phase
after high-temperature annealing (a) and the variation of the ratio of the
peaks on the melting endotherm as a function of the annealing tempera-
ture (A).79

Eqn (2) was obtained by interpreting the results of experi-
ments with different film thicknesses. Such experiments made it
possible to determine the molar absorption coefficients of the
above bands: Ka = 10 x 103 and Ky = 8.1 x 103 cm2 mol-1 . The
variation of the fractions of the a and y phases as a function of the
annealing temperature r a is illustrated in Fig. 4 b. Evidently in the
range r a = 160-170 °C the fraction of the former phase
decreases sharply, whilst that of the second increases appreci-
ably. This has been attributed to the occurrence of the high-
temperature solid-state transformation a->y. The equilibrium
melting points of the a and y phases, found with the aid of the
Hoffman-Weeks relations, are 188 and 218 °C respectively. Prest
and Luca80 investigated the high-temperature crystallisation of
PVDF, the morphology of the PVDF being studied together with
the phase analysis. According to their data,80 the melting endo-
therm is also characterised by three fusion peaks, but (in contrast
to the paper by Osaki and Ishida 79) the peak with the intermediate
temperature is assigned to the fusion of the P phase. The
morphology of the specimen is characterised by the presence of
spherulites with negative birefringence (An) and a bimodal size
distribution. The largest spherulites (with a high An) are attributed
to the a phase, whilst the small ones (with a low An) are attributed
to the p phase. The y phase crystals produce structures which give
rise to a specific pattern in crossed polarisers, called by Prest and
Luca80 a 'wagon wheel', and not a Maltese cross.

Table 8. The energies of two polymorphic modifications of PVDF with and without allowance for type HHTT defects.77

Modification
of PVDF

p Phase Monoclinic a phase Triclinic a phase

I II I I I I II III I II III

Without HHTT -16.4 -64.5 -80.9 -21.6 -57.7 -79.3 -21.6

With 5% of HHTT -16.6 -58.6 -75.2 -19.5 -56.5 - 7 6 -19.5

-63.9

-56.3

-85.5

-76.4

Note. The following designations have been adopted for the energy (kcal mol~'): I — intramolecular; II — intermolecular; III — total.
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Somewhat later, the same investigators concluded 8t that the
acceleration of the crystallisation process in the a -> y transforma-
tion may be ensured by introducing surface-active additives. The
tentative mechanism of their action is believed to be associated
with the fact that, on fusion of the a phase, the molecules of the
additives retard the diffusion of the chains in the melt and hence
increase the probability of the stabilisation of the fluctuation
nuclei of the y phase. These questions were investigated in greatest
detail in a series of studies.82"85 Their authors observed three
types of spherulites depending on the crystallisation temperature
TQ. For low Tc (< 150 °C), spherulites with the a phase are
produced, whilst at higher Tc the so called mixed spherulites are
formed where large spherulites of the a phase and small spher-
ulites of the y phase coexist. The latter have a low An owing to the
poor regularity of the arrangement of the lamella along the
spherulite radius. For still higher Tc, spherulites of the pure
phase are formed. As in the study of Prest and Luca,80 they are
characterised by the 'wagon wheel' scattering figure. A general
feature has been noted for the two types of PVDF: for low Tc, the a
spherulites grow faster than the mixed ones, whereas for higher Tc

the mixed spherulites actually increase faster than the a spher-
ulites. It is concluded that the solid-state transformation a -»y
begins in mixed spherulites at the boundaries of coexistence of the
a and y phases. The latter grows in the direction opposite to that of
the growth of the a phase spherulite. It was shown that the rate of
the transition a -> y along the spherulite radius is much higher
than in the tangential direction.

The questions concerning the possible degradation of the
polymer and the high crystallisation temperatures necessary for
the a -> y transition have been examined.85 Attention was drawn
to the fact that the specimens crystallised under the conditions
mentioned above (high temperatures and long times) have a
yellowish colour. It is believed that thermal degradation reactions
may occur under these conditions together with the transforma-
tions a -> y. The colouring of the specimens is heterogeneous in
character, since the colour centres are mainly located in the
regions of the y phase formed. It has been suggested that the
chains in this phase have an increased intramolecular energy. In
stressed chains of this kind, the occurrence of dehydrofluorination
reactions with formation of CH = C - C H = CF groups, respon-
sible for the appearance of the colour, is more likely at high
temperatures.85 The mechanism of the parallel occurrence of the
thermal degradation reactions can apparently be also more
complex if account is taken of data on the characteristics of the
dynamics in PVDF.

As in the above studies,80"85 Kochervinskii et al.62 observed
two types of spherulites, which differed in the magnitude of the An
and in the average size, on high-temperature nonisothermal
crystallisation of two types of the homopolymer (with different
end groups). On the basis of the results of the analysis of the form
of the absorption bands for the symmetrical and antisymmetrical
stretching vibrations of the methylene groups, the small spher-
ulites were attributed to the y phase.62 Attention was drawn to the
fact that the PVDF obtained by suspension polymerisation
(PVDF-S) exhibits, under identical crystallisation conditions, a
higher degree of the a -»y transformation and a more intense
colour than the PVDF obtained by emulsion polymerisation
(PVDF-E). This means that the thermal degradation reactions
should occur more vigorously for PVDF-S. The relaxation times
of the cooperative forms of motion in the noncrystalline regions,
extrapolated to the region of the crystallisation temperatures for
PVDF-S, proved to be several orders of magnitude shorter than in
PVDF-E. Since the amorphous sections in the crystallising
polymers may be 'weak' sites in the thermal degradation reac-
tions, the probability of such processes should be higher precisely
in PVDF-S, where the average relaxation time is shorter (the
frequency of the reorientations of the segments of the amorphous
phase is higher). One may postulate that the higher degree of the
a -> y transformation noted in PVDF-S can be explained precisely
by the characteristic features of its dynamics in the nonordered

regions of the polymer. Indeed, the packing density of the y phase
lattice is higher than that of the a phase lattice. The polymorphic
transformations a -»y should therefore be accompanied by an
increase in the free volume, which is naturally located in the
interlamellar regions. Since the relaxation times of the chains of
the amorphous phase are inversely proportional to the fraction of
the free volume, there should in fact be shorter relaxation times in
PVDF-S, which has been confirmed experimentally.62

Conclusions similar to those examined above have been
obtained also in a study86 where the crystallisation in the
temperature range 151-161 °C was also accompanied by the
formation of spherulites of two types. The DSC curves reached
in this study are qualitatively similar to those presented by Osaki
and Ishida79 (Fig. 4). Morra and Stein86 also observed three
fusion peaks but only the P2 and P\ peaks were attributed to the
fusion of the y and y' phases respectively. It was postulated that
the first phase is formed on crystallisation, whilst the second is
produced as a result of the transformation a -> y. It is assumed
that the formation of the a phase is kinetically favourable, whilst
that of the y phase is favoured by thermodynamic factors. On the
one hand, it is concluded that the y and •/ modifications are
crystallographically identical but differ markedly morphologi-
cally. On the other hand, the a and / modifications have identical
morphologies but are crystallographically completely different.

In experiments with wide variation of the molecular masses of
PVDF and the type HHTT defects, an attempt was made87 to
discover the characteristic features of the influence of the latter on
the polymorphic transformations a ->y.The dependence of the
degree of transformations a->y on the content y of phase
spherulites was found from DSC data. According to the
authors,87 the observed linear relation confirms the conclusion
that the polymorphic transition a -»y occurs mainly along the
boundaries of the coexisting phases. The influence of the concen-
tration of the HHTT defects both on the fraction of the inter-
lamellar amorphous phase and on the content of y spherulites was
considered for PVDF specimens crystallised at 433 K in the
course of 24 h. In the first case, the increase in irregularities
increases sharply the fraction of amorphous regions. In the second
case, it was concluded that an increase in the fraction of chemical
irregularities in the PVDF chain should be reflected in a complex
manner in the degree of polymorphic transformations a -»y. This
conclusion is due to the fact that the fractions of the amorphous
interlamellar phase and of y spherulites have opposite effects on
the degree of the a -+ y transformation.

Thus the experimental data indicate the possibility of the high-
temperature polymorphic transformation a -> y. In a series of
studies,88"90 this transition was predicted theoretically — by
calculating the free energy of the PVDF chain in various
conformations.

A number of studies91"97 have dealt with questions concern-
ing the detailed specification of the conformational rearrange-
ments in PVDF chains in the transition mentioned above. The
authors began with the concept that regions of conformational
disorder arise (the presence of kink bonds), a confirmation of
which was found in the consistent blurring of the 02 \ reflec-
tions.92 Fig. 5 presents the detailed pattern of the changes in the
chain conformation for a phase crystals in the region of the
formation of 'kink' defects, where sections of the chain in the
TGTG conformation alternate with bonds in the 'planar zigzag'
conformation, the number of which may be even or odd. Model
studies on different versions of the formation of kink bonds led to
the conclusion that the formation of kinks with an odd number of
monomer units is more probable. The best agreement with
experiment occurs if it is assumed that the kink contains one
monomer unit (two neighbouring bonds in the 7T position). For
its formation, it is necessary to postulate the transition
TGTG -> TGTG, which takes place as a result of a 'flip-flop' type
of movement with subsequent transition from G or <j to T. It is
emphasised that the first stage of this transition is decisive.
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b =9.64 A

Figure 5. Schematic illustration of the formation of kink bonds in the a
modification of PVDF.97

Overall, the nature of the transition should be distinguished by its
cooperativeness.

According to Lovinger's conclusions,98 'flip-flop' movements
with participation of three bonds are more favourable than
movements involving five-seven bonds. This means that the
conformational rearrangement in the transition must proceed via
a two-stage mechanism. An intermediate state (with a low
potential energy) is formed in the first stage in accordance with
the scheme

TGTGTGTG •TGTTTTTG TTTGTTTG.

The second stage involves the formation of the polar lattice of
the y phase, which should be accompanied by the reorientation of
each second chain of the cell, which may occur as a result of the
inverse movements of the chain with the altered conformation
(Fig. 6 b).91

We shall now deal with the analysis of a series of results
obtained in the study of the formation of the iso tropic ferroelectric
P phase of the pure VDF homopolymer on crystallisation from the
melt in accordance with a definite regime.

The appearance of P crystals on quenching thin (~100 nm)
films of the PVDF melt in a medium with liquid nitrogen, melting
ice, or even in water at room temperature was reported by Hsu and
Gei l . " It is emphasised that a significant factor in this process is
the film thickness. For example, for a film nm thick, p crystals are
formed only in the surface, whereas a crystallites are produced in
the bulk phase. Later the same workers investigated this phenom-
enon in greater detail.100 They varied the temperature of the
quenching agent more widely and the results of electron diffrac-
tion were supplemented by the results of the study of the

morphology of the films formed on quenching. According to
data obtained by transmission electron microscopy, the most
homogeneous structure is obtained in films quenched in liquid
isopentane. At quenching temperatures of 136 and 273 K,
inhomogeneous 20-30 nm sections are seen. At a quenching
temperature of 288 K, it is possible to see the appearance of
individual fibrils with a transverse dimension of 25 nm and a
length up to several hundreds of nanometers. An increase in the
quenching temperature to 313 K complicated the morphology
somewhat, but crystals of the P phase are formed in all cases. The
possibility of obtaining the latter at fairly high quenching
temperatures has been confirmed also by other workers.101-102 In
these studies the 'planar zigzag' conformations, detected from the
470, 510, 840, and 1280 cm- 1 absorption bands, were noted for
films at a quenching temperature of 303 K. An increase in
temperature to 358 K leads to the formation of the a and y
phases together with the P crystals, the size and perfection of the a
and y crystals increasing with increase in the quenching tempera-
ture.100 The morphology of the films becomes more complicated:
together with fibrils, structures of incomplete spherulites appear.

Similar results were obtained also in another study, where type
KF200 PVDF films 10 -15 urn thick were quenched from the melt
in melting ice. The appearance of absorption bands at 442, 470,
and 510 cm~ !, characteristic of the 'planar zigzag', was also noted
in the IR spectra of the quenched films. However, it is significant
that the conformers obtained apparently serve as nuclei in the
subsequent annealing, since the intensity of the above band
increases. The results of X-ray studies have shown that the
annealing is accompanied by the improvement of the P phase
crystals, since the narrowing of the main intermolecular 100, 200
reflection is observed.

Figures 7 and 8 illustrate the scheme which explains the
appearance of P crystals on crystallisation under the conditions
of rapid quenching. It is postulated that the rate of nucleation is
characterised by a distribution curve, the rate maximum for the a
phase being displaced towards higher temperatures compared
with that for the p phase (Fig. 7). The time taken to traverse the
T-i - T* (ta) temperature range depends on the rate of cooling of the
melt (Fig. 8). Then the rate of cooling is high, ta proves to be low
and there is insufficient time for the formation of the nuclei of the
a. phase. Since the maximum in the rate of nucleation for the p
phase is displaced towards lower temperatures, the time taken to
traverse the temperature range T\-T2 is longer and may be
sufficient for the formation of P crystals. Estimates103 have
shown that such crystals may be formed at rates > 800 R r 1 .
The above hypothesis has been confirmed also by the results of
thermal analysis.104-105 An increase in the rate of cooling of the
melt of the VDF homopolymer creates a tendency towards a
displacement of the main crystallisation peak towards lower
temperatures, whilst quenching in liquid nitrogen leads to its
shift into the region of temperatures actually below 300 K.

ttr
Figure 6. Two modes of molecular motion associated with the solid-state
transformation a -• Y-
(a) Segmental 'flip-flop' motion; (b) inverse motion.97

The rate of
nucleation

a Phase

p Phase

T2 7*4 Temperature

Figure 7. Temperature variation of the rate of nucleation for the a and p
. 103
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Temperature

Time

Figure 8. Diagram illustrating the formation of a and p crystallites on
rapid (7) and slow (2) quenching.103

Under real experimental conditions (fairly thick specimens
and not unduly high rates of cooling), nuclei of both phases are
apparently formed, although their fraction in the a modification
may in fact be low. This is confirmed by the fact that, together with
the bands due to the p phase, there are a further two bands (612
and 765 cm"1) characteristic of the TGTG conformations.103

Analysis of the X-ray diffraction profile indicates that there are
few nuclei of the a phase and they do not attain large sizes, since
reflections characteristic of the a phase have not been noted.
Annealing of the_quenched specimens leads to an increase in the
number of TGTG conformers, since the intensity of the above
bands increases. The possible structure of such defective regions of
the a phase has been examined on the basis of the results of
thermal analysis.104'105 It was noted that, on rapid cooling of the
melt (> 10 K min~') of the VDF homopolymer, an additional
endotherm appears on the DSC curves in the range 320 - 350 K of
the kind not observed for specimens obtained at low rates of
cooling.105 The appearance of this endotherm had been attributed
to the existence of conformational disorder in the imperfect
crystals of the a phase (condis-crystal). In terms of Takahashi's
concept,106 when the PVDF chains have the same TGTG con-
formation, they may assume four possible orientations under the
conditions of nonequilibrium crystallisation temperatures
(Fig. 9) — AC, ~AC, AC, and ~AC. Evidently the fluorine atoms
may be located above ( Q or below (C) and to the left (A) or to the
right (A) relative to the molecular axis. Since the CF bonds have a
high dipole moment, such orientations are characterised by
different directions (upwards or downwards) of the axial compo-
nent of the dipole moment. The transition from the A to the ~A
orientationis possible as a result of rotation about the c axis, while
the C and C states are obtained by the mirror reflection relative to
this axis. The transitions between the above orientations, occur-
ring as a result of the movement of the entire chain are impossible
because of the very high activation barrier, but they can be
achieved as a result of local conformational rearrangements.

The studies, mentioned above, of the influence of the copoly-
merisation of VDF with TFE and TrFE 67 on the change in the
equilibrium polymorphic modification of the homopolymer have
greatly developed recently. This was caused by two facts. On the
one hand, it was the discovery of ferroelectric properties in PVDF:
it was found, in the presence of fairly high contents of the second
component, that the ferroelectric-paraelectric transitions in the

AC

AC AC

Figure 9. The possible orientations of the chains of the PVDF a phase in
the TGTG conformation.105

VDF/TrFE copolymers and fusion proper differ appreciably as
regards temperature, which makes it possible to employ this
copolymer as a model compound for the study of the mechanism
of the appearance of ferroelectric properties in organic polymers.
On the other hand, modifications of the materials employed,
particularly those with increased piezoelectric constants, were
needed for practical purposes. Therefore, when it was shown for
a series of VDF/TrFE copolymers107 that an approximately
equimolar component ratio in the copolymer leads to a signifi-
cant increase in both the electromechanical coupling factor and in
the piezoelectric constant d, the interest in the study of the
structures of the above copolymers increased.

Initially Lovinger et al.108 demonstrated in relation to the
VDF/TrFE 52/48 copolymer that the specimen crystallised from
the melt consists of a mixture of two disordered crystalline phases,
one of which is characterised by the 'planar zigzag' conformation,
whereas the other has the 3/1 helical conformation. The wide
variation of the composition of the copolymer made it possible to
obtain later more detailed information about its crystal struc-
ture.109 On the basis of the analysis of the results of detailed X-ray
diffraction patterns and spectra over a range of temperatures, the
authors concluded that the low-temperature phase (LTP), a
cooled phase (CP), and a high-temperature phase (HTP) exist in
the isotropic state. Comparison of model calculations with
experiment showed that the 'planar zigzag' conformation in the
LTP should be characterised by a deviation from the plane by an
angle 2cr. As for the p phase of the VDF homopolymer,110- • n this
conclusion follows from the passage of the relative difference
between the calculated and observed structure factors (the R
factor) through a minimum as the angle a is varied. When such
chains are packed in the cell, the following parameters of the low-
temperature phase are obtained: monoclinic system, a = 9.12 A,
b = 5.25 A, c (chain axis) = 2.55 A, p = 93 °, tilt angle (in the 130
plane) = 3 °. The scheme of the transitions in the above copoly-
mers 109 shows that the transition from the ordered LTP to the
fully disordered HTP proceeds via the formation of the inter-
mediate (cooled) phase CP. The model of the conformational
rearrangements in an isolated chain in this transition is illustrated
in Fig. 10. An increase in temperature in accompanied by the
appearance of 'skew' bonds (5 and 5 in Fig. 10) for the chain in
the 'planar (distorted) zigzag' conformation. A further increase in
temperature leads to the appearance of single bonds in the G or G
conformation, which corresponds to the chain conformation in
the cooled phase.

The transition from LTP to CPjs accompanied by a change in
the unit cell parameters (a = 9.16 A, b = 5.43 A, c = 2.53 A, and
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Table 9. Interplanar spacings and structure factors for the reflections due
to the high-temperature phase of the VDF/TrFE 55/45 copolymer.109
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Figure 10. A model of the conformational changes in the single chain of
the VDF/TrFE 55/45 copolymer during heating-cooling cycles.109

P = 93 °) and an appreciable increase in the tilt angle (in the 130
plane) to 18 °. The packing of such chains in the cell of the cooled
phase is presented in Fig. 11. This lattice may be considered also in
the light of the concept of a crystal with kink bonds. The transition
from the cooled phase to the high-temperature phase on further
increase in temperature is accompanied by the accumulation of
conformational irregularities, which, according to IR spectro-
scopic data, represent a set of sequences of the type TGTG and
T3GT3G. To a first approximation, the lattice is characterised by
hexagonal packing with the parameters d = 9.75 A and
b' = 5.63 A (a'/b' = \/3). Taking into account these values, the
calculated and experimentally observed interplanar spacings d
and the structure factors s/1 for a series of reflections are
presented in Table 9.

y y

$ ^ v ^ ^

Figure 11. A model of the structure of the crystal of the cooled phase for
the VDF/TrFE 55/45 copolymer.109

Evidently, there is a satisfactory agreement between the
measured and calculated parameters, which confirms the correct-
ness of the chosen lattice. Overall, the lattice is found to be
nonpolar and the chains may execute rotational motions with
large amplitudes. According to Tashiro et al.,109 the crystal in this
state may resemble one of the varieties of a rotator phase. When
the HTP is cooled, the reverse transition of the type HTP -> CP
takes place and is accompanied by the conformational rearrange-
ments noted above (Fig. 10). The cooling of the CP is not
accompanied by the reverse transition to the LTP. In this case,
chains with conformations of the type

are found to be frozen.
For the occurrence of the transition from the CP to the LTP,

one may deform the specimen or subject it to a strong field.
The attempt to find definite analogies between the formation

of the structure on quenching of the above 65/35 copolymer and of
the homopolymer yielded a somewhat unusual result.112 It was
found that the ferroelectric-paraelectric transition (according to
DSC data) in the quenched copolymer is observed at a higher
temperature than in the specimen with slow rate crystallisation.
Annealing of the quenched specimen (at 120 and 140 °C) leads to a
decrease in the temperature of this transition, although the
fraction of the long sequences with the 'planar zigzag' conforma-
tion, entering into the composition of the ferroelectric phase,
increases under these conditions.

In order to investigate the influence of the polarity of the
comonomer in the VDF copolymers on the nature of the crystal
structure formed, a study was made of a wide range of VDF
copolymers with nonpolar tetrafluoroethene, the fraction of the
latter being varied within wide limits (19%-100%).113 Compar-
ison of the structural data with those for the copolymer of VDF
with the polar TrFE comonomer shows that the nature of the
phases formed and their interconversions are similar. Admittedly
certain nuances were also observed for the 81% VDF content in
the VDF/TFE, copolymers. Thus the temperature of the
LTP -»HTP transition (with a conformational change from
trans- to gauche-) proved to be close to the melting point. In the
case of high VDF contents, such transitions become more diffuse
and the hysteresis phenomena are weaker than in the VDF/TrFE
copolymers.

The crystallisation of the VDF/TFE 94/6 copolymers from the
melt (or from solution) always leads to the coexistence of the
ferroelectric and paraelectric phases at room temperature. The
presence of the former was inferred from the 100, 200 reflection,
whilst the presence of the latter was associated with the broadened
reflection in the range 20 « 18 °(CuKa radiation).32 The morpho-
logy of the films obtained is characterised by the presence of
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sphemlites which become small and defective on quenching from
the melt'14 or a morphology in the form or aggregates of optically
anisotropic rods is established.48 For crystallisation conditions
involving quenching, an unusual phenomenon has been
observed — the formation of sections of the a phase, the presence
of which was inferred from the appearance of either the weak 021
reflection114 or of strong intermolecular 020, 110 reflec-
tions.115-116 The latter phase proved to be metastable, since even
on heating to 70 °C the above reflections are markedly weak-
ened.117-118 The crystallisation of the copolymers (predominantly
as the polar p phase) is accompanied, according to spectroscopic
data,48-114 by the formation of irregular sequences in the TGTG
and T^GT-iG conformations, the ratio of which depends on the
previous thermal history of the specimen.

The study of Roussel et al.119 was devoted to the influence of
the molecular mass on the kinetics of the crystallisation of PVDF.
When the DSC method was employed, the crystallisation kinetics
were described in terms of the constants of the Avrami equation. It
was noted that the rate of crystallisation was lowest in the case of
the PVDF with an intermediate molecular mass. According to the
authors, this unusual phenomenon could not be associated with
different crystallographic forms, since the specimens were selected
taking into account IR spectroscopic data. However, the exponent
in the Avrami equation could reach 11. The reason for this is
believed to be the fact that the additional type HHTT irregularities
in certain specimens may serve as additional nucleation centres. It
is believed that the above crystallisation anomalies are bounded
on the side of high degrees of supercooling.

The influence of the crystallisation temperature on the
possibility of polymorphic transformations in PVDF has been
investigated120 mainly with the aid of a spectroscopic technique.
The PVDF produced by the Atochem Company (France) in the
form of thin (6 nm) films was crystallised from a concentrated
solution in dimethylacetamide. On varying the crystallisation
temperature, appreciable changes were observed in the IR
spectra, which is explained by crystallisation in the form of
different modifications. The presence of the a, P, and y phases
was inferred from the presence in the IR spectrum of the 766, 840,
and 510 cm"1 bands respectively. The fraction of a particular
modification was estimated from their intensities. In particular, it
was shown that, on prolonged high-temperature (160-185 °C)
crystallisation, predominantly the y phase is formed. This result
agrees qualitatively with earlier data.78"85 A new feature in the
above study120 is the observation of the influence of the crystal-
lisation temperature on the ratio of the a. and p phases in isotropic
films. It was shown that a decrease in temperature (from 160 to
50 °C) leads to a significant increase in the fraction of the P phase
in its mixture with the a phase for the same (20 min) crystallisation
time. This feature is not fortuitous, since a similar relation has
been observed also for a solution of PVDF in dimethylformamide.
At a fundamental level the observed phenomenon may have a
common basis with the a -> P transformation in the low-tempera-
ture deformation of PVDF.

IV. Characteristics of the solid-state
transformations under the conditions of tensile
deformations
More than twenty years ago, the ferroelectric properties of PVDF
and of its copolymers were unknown, but in the studies of
Lando121 and Gal'perin122 attention was already drawn to the
possibility of the polymorphic transformations a -> p on uniaxial
stretching of PVDF films. It was shown that a decrease in the
temperature of the uniaxial stretching and an increase in the draw
ratio promote an increase in the latter. It was noted, in particular,
that orientation at low temperatures ( < 60 °C) leais to an abrupt
a -» P trarlsition, which is also accompanied by the formation of
microcracks in the matrix. At higher temperatures the transition
becomes smoother, i.e. the crystals of the a phase are initially

oriented along the draw direction, after which the polymorphic
transformation takes place in them. Small angle diffraction has
shown that an increase in the draw temperature (7d) is accom-
panied, on the one hand, by an increase in the long period, and, on
the other, by an increase in the intensity of the small angle
reflection. Furthermore, a change has also been noted in the
nature of the diffraction patterns: whereas at low T& the reflection
has the form of a vertical line or four points, at high T<\ it has the
form of two points. Annealing of the oriented PVDF films in the
isometric or free state has shown123 that in the latter case a
transition from the fibrillar structure to the lamellar structure,
accompanied by a change from the e-texture to the a-texture, is
observed.

For PVDF films with an oriented p phase, the nature of the
structural transformations on annealing may depend significantly
on the previous history of the specimens. Thus, when an
unannealed specimen is heated, shrinkage stresses a arise in it
already at 40 °C, reaching a maximum (~ 1.5 kg mm~2) at
120 °C.124

In the specimen (with fixed ends) annealed up to 140 °C, these
stresses are insignificant, after which they also increase, although
their maximum values are appreciably lower (~0.5 kg mm"2),
while the maximum is displaced towards higher temperatures —
to ~ 180 °C. In both cases, the decrease in a is attributed to the
fusion of the p phase crystals, since the intensity of the principal
110, 200 reflections due to the P phase decreases under these
conditions (to zero at 189 °C). However, when a specimen with
free ends was heated, a sharp fall in the intensity of the above
reflection occurred at 166 °C, i.e. for the free state the melting
point of the P crystallites is lower by more than 20 °.

An analytical description of the a -> p interconversion in
PVDF on uniaxial stretching has been formulated in a study125

the authors of which used the method developed126 for the
estimation of the fraction of the a phase N% under the conditions
of its coexistence with the p phase. The experimental dependences
of N2 on the draw ratio k, expressed in semilogarithmic coordi-
nates, are linear, i.e. the following relation holds:

JV, = 1 -
In A

10.8-29//JJ ' (3)

where 29 kJ mol"1 is the potential barrier to the a -»• p transfor-
mation.

Temperature has a significant influence on the effective tensile
stress, so that the N2-a relation is linear (Fig. 12). Extrapolation
of this relation showed that the complete disappearance of the a

<r/Nmm-

Figure 12. Dependence of the fraction of the a phase (Ay on the tensile
stress in the uniaxial drawing of PVDF before (1) and after (2) the
formation of a neck.125
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phase requires a stress of 180 N mm"1 . Evidently, other condi-
tions being equal, the a -> f3 transformation takes place more
effectively in the region where the material assumes the form of a
neck. This conclusion has been confirmed by the data of
Matsushige and Takemura,127 which also showed that the main
a -• P transformation on uniaxial stretching begins in the region
of deformations where the material assumes the form of a neck.
Under the conditions of uniaxial stretching of PVDF, the
existence of a critical deformation where intense rotation of the
crystals of both modifications begins has been establiahed. For
example, the effective rotation in the direction of stretching, for
both the newly formed P crystals and for the remaining a crystals,
takes place in the range X = 2-2.5.125

The importance of the role of the tensile stresses in the
polymorphic a -> P transformation has been emphasised also in
another study.128 Taking into account the role of temperature as
regards the values of a, the author also showed that the values of a
may be raised by increasing the rate of deformation. For large
draw ratios (X = 7), the final values of Young's modulus (E) in the
PVDF specimens may depend significantly on the previous
thermal history of the isotropic specimens crystallised from the
melt. Thus it was found that Young's modulus for films with the
same value of X is higher in the case of slow crystallisation of the
initial films obtained by quenching. The maximum values of E in
the direction of the draw axis are ~ 4 GPa, whereas along the c
axis they are 177 GPa (according to X-ray diffraction data), which
is comparable to the theoretical value of 237 GPa for p phase
crystals.

It was found with the aid of the dependence of £ on A for films
of one kind, obtained at different draw temperatures, that, other
conditions being equal, the decrease in T& leads to an increase in E.
This can be explained [in conformity with Eqn (3)] by an increase
in the fraction of the p phase, for which £ in the direction of the c
axis is found to be greater than E for the a phase. However it
appears that this is not the only reason. Such doubts arise from the
results of studies129-13° in which uniaxial stretching processes
were investigated in specimens of the VDF/TFE 94/6 copolymer.
Here it was also found that a decrease in r<j leads to an increase in
E (according to the results of acoustic measurements). However,
since this copolymer crystallised in isotropic films in the form of
the p modification, the polymorphic <x -> P transition noted above
was absent, as in the homopolymer. For this reason, the increase
in E for films with different T& was attributed to the different
microstructures of the noncrystallising regions. In particular, it
was shown that in films with a lower Td the latter are characterised
by an increased concentration of chain sections in the 'planar
zigzag' conformation, while the packing density in them should be
greater, since there is a steady decrease in the intensity of the
maximum of the small angle meridional X-ray scattering.

The results of the analysis of the acoustic characteristics
indicate that one may expect a high content of stressed chains
passing through films with a lower r<j. NMR data for PVDF
specimens with different draw ratios agree qualitatively with this
conclusion. This can also be inferred from the decrease in the
mobility of the 'fast' protons associated with the noncrystallisable
chain sections in specimens with larger draw ratios.131

The nature of the polymorphic transformation a -» p occur-
ring on uniaxial stretching affects also the morphology being
established. Thus the diffraction pattern produced by a laser beam
which has passed through a deformed PVDF film, crystallised in
the isotropic state with formation of a phase spherulites, has been
investigated.132-I33 It was observed that at high r<j there is intense
equatorial scattering, which indicates the existence of spherulites
deformed in the direction of the draw axis. At low TA, there exist,
together with the latter spherulites also undeformed spherulites
with the initial phase, which was inferred from the 'anomalous'
eight-lobe dispersion pattern. It is assumed that the mechanism
involving the 'retwisting' of the lamellae on deformation plays an
important role in spherulites disposed favourably in relation to the
direction of action of the external force and that the transition

from the a to the p modification may proceed as a result of local
fusion and subsequent recrystallisation.132 As the draw tempera-
ture is reduced due to the higher viscosity of the noncrystallising
sections, the external stress may be effectively transmitted to the
crystallites of the a phase, reaching critical values for the a -+ P
transition noted above.133

For intermediate draw ratios, the 'anomalous' eight-lobe Hv

scattering pattern (in crossed polarisers) has been observed also in
the polymorphic y-+P transition.134 An analogy between the
a -> p and y -> p transitions was noted, although the required
deformation energy for the former is found to be greater than for
the latter. Indeed, the complete transformation can be achieved at
r d = 80 °C and X = 4. On the other hand, in the case of the y -> p
polymorphic transition with the same X, it takes place fully at a
draw temperature as high as Td= 150 °C. An unusual feature of
the latter transformation is the fact that the appearance of the P
phase is noted not immediately after the start of the orientation of
the initial crystallite but in the deformation process, where the
orientation function reaches 0.2S.

In the light of the foregoing, one may conclude that the
preparation of PVDF with highly oriented y phase crystals is by
no means a simple task. Indeed, the procedure usually employed,
involving the uniaxial stretching of an isotropic film with y phase
crystallites, fails because of the y -»P transformation noted above.
In this connection, the results of a study135 in which a novel
method of preparation of such PVDF was proposed are of
interest. The scheme reduces to the following features. In the
first stage, an isotropic film with a phase crystallites was oriented
at 150 °C up to X = 4 - 5 without the polymorphic a -» p transi-
tion. In the second stage, the film obtained was polarised in a field
with E = 1 MV cm ~' , after which the crystals of the a phase were
converted into the polar otp form. In the third stage, the film
obtained was annealed isometrically at temperatures above
120 °C (it is even better when T> 170 °C), after which the
formation of the y phase was observed. The presence of the latter
was inferred from the presence of specific absorption bands in the
vibrational spectra — at 300,430, 656,776, and 813 cm~ •.

A method was proposed in the same study for the quantitative
estimation of the fraction of the y phase p(y) from the optical
densities D of the 410 and 430 cm"1 bands. It was found that

p(y) =
D,'430

rD'410 ' D,'430
(4)

where r = A430/A410, while A430 and K410 are the molar absorp-
tion coefficients for the 430 and 410 cm~ • bands respectively, the
values of which proved to be similar. The kinetics of the increase in
the fraction of the y phase, calculated by Eqn (4) for different
annealing temperatures in the Op -* y transition stage, have shown
that an increase in the annealing temperature leads not only to an
increase in the rate of transformation on the initial section but also
increases the equilibrium value of p(y).

According to Brillouin scattering data, under the conditions
of the uniaxial stretching of PVDF it is possible to estimate the
changes in its nonordered regions.136 Thus a significant increase in
the velocity of ultrarsound Vs in the direction of the draw axis with
increase in X has been observed. The ultrasonic wavelength is
~ 103 A, while the side of the crystallite is ~ 10 A, so that the
orientation function determined should characterise the rotations
of the chains both in the crystal and the amorphous phase. The
velocity of ultrasound can be estimate from the following relation:

1/2

where p is the density. The increase in Vs with increase in p during
the drawing process was attributed by the authors to a more
significant increase in Young's modulus. Comparison of the
values of E for the crystals of the a and P phases shows that an
increase in Young's modulus during drawing cannot be attributed
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solely to the polymorphic transition a -» P and account must be
taken of the possibility of the partial additional crystallisation of
the chains in the amorphous phase.

In order to investigate in greater detail the mechanism of the
polymorphic transformation i - » P on uniaxial stretching, the
changes in a series of physical characteristics were followed in
oriented PVDF films where the initial polymers differed both in
the number-average molecular mass MH and by in polydispersity
factor M<aMn- In particular, it was shown that higher values of
Young's modulus (~ 6 GPa) are more likely to be obtained on
uniaxial stretching on a polymer the M* value for which is lower
and that the isotropic specimen should be prepared by slow
crystallisation.137

The PVDF films used for practical purposes were treated in a
high electric field, so that the orientation of the 'polar' b axis of the
lattice in relation to the plane of the film is very important. The
data of Mizuno et al.138, who carried out structural studies on
PVDF films obtained by the double orientation method, merit
attention in this connection. It was shown that, for a film subjected
to repeated uniaxial restretching in a direction perpendicular to
that of the initial stretching (Ta < 100 °C, the initial specimen was
quenched), the b axis of the cell is in the plane of the film. It was
noted that the rolling of a PVDF film subjected to uniaxial
stretching and different heat treatment conditions make it
possible to obtain textures in which the b axis may form angles
of 0, 30, and 60 ° with the plane of the film.

Detailed studies of the morphology in thin and thick PVDF
films by electron microscopy, electron diffraction, and X-ray
diffraction (large or small angle diffraction) indicate significant
differences between the structures of thick films oriented at low
(80-90 °C) and high (130-140 °C) temperatures.139 Approxi-
mately 85% of well oriented but highly defective p phase crystals
and ~ 1 5 % of residual virtually unoriented a crystals were
observed for the former films in the region of the macroscopic
neck (with 280% deformation). The residues of the unoriented a
phase are visible even for deformations of ~35O%, whereupon
the growing neck can reach the ends of the specimen. The long
period (in the direction of stretching) is ~ 10.5 nm, which is less
than for the initial specimen (13.0 nm). The ellipsoidal micro-
cracks arising under these conditions are located between the
microfibrils. In hot drawing, the a -> p transition proceeds some-
what differently: initially the a phase is transformed into micro-
fibrils and then, after the attainment of critical stresses, the
polymorphic transition begins. At both high and low tempera-
tures, the deformation occurred heterogeneously, since the
regions of the initial a phase remain even for an elongation of
500%.

For polar polymers with fairly high dielectric losses, it is of
interest to employ nontraditional heating sources for the specimen
during the drawing process. For example, microwave heating may
be employed for this purpose. Drawing with this method of
heating in polyoxymethylene specimens leads to appreciable
improvements in the elastic characteristics.140"142 or PVDF, this
heating method is of interest for a number of reasons. On the one
hand, the increased dielectric losses at high frequencies (at room
temperature) provide a basis for effective uniform heating
throughout the bulk of the specimen by the energy of the UHF
field. On the other hand, the similarity of the frequencies of the
electromagnetic field to the average reorientation frequencies of
the polar segments in the nonordered phase makes it possible to
'pump' the internal energy precisely into the amorphous regions of
the PVDF, which play an important role in the processes involving
the deformation of a partly crystalline polymer. The data of a
study143 where a magnetron with a power of 1.2 kW and a
working frequency of 2.45 GHz was used for heating of the kind
described above merit attention in this connection.

Comparison of the limiting PVDF draw ratios and of the
acoustic modulus for traditional and UHF heating of the speci-
men showed that the use of the latter method does not afford a
significant increase in the elastic characteristics compared with the
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£/GPa

120 160 200 120 160 T/°C

Figure 13. Dependence of the maximum draw ratio (a) and the acoustic
modulus (b) in PVDF specimens on the drawing temperature for HF (/)
and traditional (2) heating.143

traditional heating of the specimen from an external source.
According to the authors, the reason for this is that, in contrast
to polyoxymethylene, in PVDF the range of temperatures most
favourable for maximum stretching is close to the melting point
(Fig. 13). In the range of stretch temperatures 150-160 °C
(appreciably below the melting point), UHF heating yields a
higher maximum draw ratio and hence the highest acoustic
modulus. This feature may be a consequence of the local heating
of the amorphous regions of PVDF noted above. We may note
that Nakagawa and Amano143 obtained PVDF specimens with
the highest draw ratio (8.6) and acoustic modulus (7.5 GPa).

The influence of the state of the melt on the characteristics of
the orientation crystallisation of PVDF has been studied.144 The
initial specimen was subjected to preliminary radiation-induced
cross-linking, after which it was melted. Next the specimen was
stretched to different values of k and recrystallised isothermally.
The task formulated was to trace the influence of the initial
function of the orientation of the chains in the melt and of the
density of the cross links in it on the values of the orientation
function for the crystallites and the amorphous phase after
recrystallisation. On the basis of data obtained by X-ray diffrac-
tion and birefringence, it was concluded that in this type of process
the c axis in the crystal of the a phase formed is disposed along the
direction of stretching of the melt, while the chains of the
amorphous phase are perpendicular to this direction. It was
found that the orientation state of both phases after recrystallisa-
tion depends both on the density of the cross links and on the
chain orientation function in the amorphous melt, the role of the
latter factor being decisive. Here it is also useful to quote the
values of the intrinsic birefringence obtained from optical meas-
urements. Thus the intrinsic birefrigence is A°a = 0.145 ±0.002
for the crystal of the a modification, whereas for the amorphous
phase we have A£ = 0.098 ±0.017.

The method involving the solid-phase extrusion of polymers,
which in many instances yields high orientation characteristics,
occupies a definite place in film technology. In this connection,
one should mention a series of studies 145~147 in which this
technique was used to obtain oriented PVDF films. The extrusion
conditions selected by Mead et al.146 corresponded to a pressure of
0.23 GPa in the extruder and a temperature of 160 °C. The change
in melting point corresponding to a pressure change of 1 Pa is
3.3 degree. The pressures employed yield an increase in melting
point by 76 °C. For this reason, deformations under conditions
such that the temperature was much lower than the melting point
of PVDF at the normal pressure corresponded to the chosen
deformation regimes. It was shown that an increase in draw ratio
is accompanied by an increase in the degree of crystallinity and in
the magnitude of the birefringence. The phase composition in the
film is characterised by a mixture of the a and P crystals, while the
morphology is represented predominantly by the folded-chain
form of the crystals with a large period of 20 nm. Contradictory
results were obtained, according to X-ray data, the fraction of the
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crystals of the a phase is greater than that of the p phase, while IR
spectroscopy shows that the crystals of the P phase predominate.
The discrepancies may be avoided by postulating that the chosen
extrusion regime ensures more intense conformational transfor-
mations of the type TGTG -» (77),, in the nonordered regions
than in the crystal. By selecting the extrusion regimes it is possible
to achieve the optimum conditions for the a -* p transformation.
Indeed, it has been reported147 that extruded films predominantly
in the P modification have been obtained by this method; at the
same time, one should expect a high correlation with the arrange-
ment of the chains of the amorphous phase, since the measured
birefringence indicated for the extruded films is An = 67 x 10~3,
which had never been noted previously in the literature.

The mechanical characteristics of the PVDF films are
improved also when nontraditional orientation methods are used
for polymers, for example, rolltruding.148 At rolling temperatures
of 140-160 °C, there is a twofold increase (for the main rolling
direction) in Young's modulus and a 12-fold increase in the
ultimate strength.

In uniaxial or biaxial mechanical stretching of PVDF films,
there is a possibility of the appearance of all kinds of long defects
(of the type of voids). It therefore seems promising to develop
methods effecting orientation crystallisation without mechanical
influences. Lovinger and Wang149 carried out the zone crystal-
lisation of PVDF at zone migration velocities of
0.6-20 um min~' and a zone temperature of 153 °C. Analysis
of the results obtained by polarisation microscopy, X-ray diffrac-
tion, and IR spectroscopy demonstrated that crystallisation in the
form of the a phase predominates. Weakly developed p phase
spherulites serve mainly as nuclei of a spherulites deformed in the
direction of migration of the zone. Analysis of the nature of the
diffractometer traces and of the dichroism of a series of IR
absorption bands with a known value of the transition moment
vector permitted the conclusion that the b axis of the lattice is
oriented along the direction of migration of the zone. We may note
that, in the textured specimens obtained by mechanical stretching,
the cell c axis is aligned along this direction. A version of the zone
stretching of PVDF films at high rates or zone migration has been
described.150 Having selected the stretching conditions, specimens
with well oriented crystals and preferential crystallisation in the
form of both a and p phases were obtained.

The problem of the formation of voids in PVDF films on
uniaxial stretching may be of applied importance since, the
formation of microcracks in the bulk of the film is accompanied
by a decrease in its relative permittivity. Under certain conditions,
this may lead to an increase in the piezoelectric constant g for the
polarised films, which affects the output characteristics of the
energy converters based on these materials. Specialists of the
Thorn-EMI Company (England) and of Leeds University have
been most actively concerned with this problem. In particular,
they developed a method for the preparation of PVDF films with
voids resulting from cold drawing (J d = 80 °C) at high rates.151

The nature of the morphology arising under these conditions has
been studied in detail by electron microscopy.152-153 It was shown
that the voids have the form of an ellipsoid with transverse spans,
i.e. they may be regarded as a form of crazing. The voids were
disposed between fibrils and were characterised by a fairly wide
size distribution. In one case, the average size of the voids in the
longitudinal direction was 1.5 um,152 whilst in another it was
~ 5 um,153 although in both cases their volume fraction was
estimated as 17%.

In a study of the mechanical shear anisotropy in oriented
PVDF films, it was shown that the presence of voids in the bulk
phase promotes an increase in virtually all the components of the
elastic pliability tensor.154

Certain details of the formation of the voids in the cold
drawing (Td = 80 °C) of PVDF have been investigated by
Kochervinskii et al.47 Attention was drawn to the fact that the
probability of the formation of voids under identical cold drawing
conditions may depend significantly on the nature of the initial

supermolecular structure. Two PVDF films, obtained by quench-
ing from the melt and by slow crystallisation, were investigated.
Spherulites differing significantly in size and degree of defective-
ness were detected in them by the method involving small angle
scattering of polarised light. The spherulites in the quenched films
were an order of magnitude smaller, while the internal arrange-
ment of some of them was characterised by the disposition of the
lamella at an angle of 45 ° relative to the radius of the spherulite
(the so called 'anomalous' spherulites). The morphology of the
two films was different after cold drawing. For the quenched film,
the i/v-diffractometer trace had the form of an eight-lobe figure,
arising, as noted above,132-133 from the presence of deformed and
undeformed spherulites. A stronger equatorial scattering in
crossed polarisers and a decrease in density and transparency
caused by the formation of ellipsoidal voids are characteristic of
the stretched film with large spherulites.

A similar result was also obtained on cold drawing
(Td = 20 °C) of films of the VDF/TFE 94/6 copolymer.48 The
formation of voids in the bulk phase (according to small-angle X-
ray scattering data) is also observed in the film where the presence
of p phase spherulites was noted in the initial state. The formation
of voids is apparently accompanied by local releases of the stress,
which should affect the conformational characteristics of the
crazed films. In the case of the homopolymer, this is accompanied
by a decrease in the fraction of the p phase in the oriented state,33

while for the VDF/TFE 94/6 copolymer crystallised as the P phase
this is accompanied by the appearance in the oriented state of
sections of the chains in the TGTG conformation, which is not
characteristic of the given polymorphic modification.155-156 The
fraction and nature of the microstructure of the voids formed may
be regulated by isometric annealing processes and under certain
conditions it is possible to achieve a decrease in, on the one hand,
the concentration of the voids and, on the other ,_in the concen-
tration of 'defective' conformations of the TGTG and T3GT3G
types.155"157

The detection by the spectroscopic method of these conforma-
tions in the VDF/TFE, copolymer,114'129-13° which crystallises as
the polar (3 phase with the 'planar zigzag' conformation, most
probably confirms the concept that conformational defects of the
kink bonds are present in the PVDF crystals.91"97 The above
defects may play a significant role in polymorphic transforma-
tions during uniaxial drawing. This has been confirmed, for
example, by data158 according to which the high-temperature
drawing of PVDF is accompanied by the formation of an oriented
a. phase. Electron diffraction patterns reveal certain 'anomalies'.
Thus the 110 reflection due to the a phase has the form not of a
point but of a strip which coincides with the direction of the c axis.
Diffuse halo blurring (from the hkO direction) is characteristic of
the 002 reflection. The authors also attributed the observed
'anomalies' to the appearance of kink bonds. Instead of the
TGTGTGTGTGTG sequence, one should expect in this case the
TGTGTTTGTG combination, where the conformational defects
arise due to cooperative segmental 'flip-flop' motions between the
TGTG and TGTG conformations. Defects of this kind for the
oriented a form of PVDF arise also during prolonged isometric
annealing.92

It follows from the overall analysis of the data that the kink
bonds noted above tend to aggregate into chains, which are
disposed in the 001 plane.158 The observed diffuse halo near the
200, 110 reflection, due to the oriented polar p phase,159 is also
caused by the appearance of bent kink bonds. Injhis case, this is
attributed to the insertion of type GTnG or TGTG sections of the
chain into the chain with the 'planar zigzag' conformation. The
authors of the concept developed believe that the solid-state
transformation a -• p has a two-step mechanism: the y -* p
transition takes place initially and is followed by the y -* p
stage.94 It is postulated that the kink bonds in the initial a. phase
constitute an intermediate phase between the a and y modifica-
tions and can therefore facilitate significantly the occurrence of
the first stage of the transformation.
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The presence of chain sections in the TGTG and T3GT3G
conformations in the VDF/TFE 94/6 copolymer, which crystal-
lises from the melt or from solution immediately as the polar p"
phase,130 can be regarded as evidence for the presence of kink
bonds. Their role in the uniaxial stretching processes involving
isotropic films of the above copolymer, unaccompanied by a
polymorphic transformation, is also extremely significant. Thus
it has been shown that identical stretching conditions for the two
films are characterised by a greater deformation energy density in
the case of the specimen with a lower content of conformational
defects in the initial state.130 The structure of the oriented film
arising under these conditions is characterised by a higher
Young's modulus and a higher deformation-induced acoustic
response.129 The higher residual polarisations 16° and piezoelec-
tric responses129 in such films after treatment in an electric field
show that the role of the kink bonds must be taken into account
also in the technological development of methods for the prepa-
ration of films designed for practical purposes.

The stabilities of various polymorphic modifications of PVDF
under the conditions of the operation of uniaxially stretching
stresses a have been justified theoretically and predicted.88

Calculation of the free energy taking into account the interchain
and intrachain interactions leads to the conclusion that at least
five different phases may exist in PVDF: a, p, y, a, (otp) and m
(melt). Analysis of the phase diagram for PVDF in a state of
mechanical stress has demonstrated the possibility of the existence
of a large number of metastable states.88 At room temperatures
under the conditions of the operation of uniaxially stretching
stresses, the a phase may exist only in a metastable state owing to
the increased free energy, which agrees well with the character-
istics of the a -+ P transformation described above.

It has been shown161-162 that the above transition under the
conditions of uniaxial stretching proceeds in the neck formation
stage in the specimen so that the structural studies devoted to the
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Figure 14. Dependence of the degree of crystallinity (a) on the distance (!)
to the neck formation boundary at different rates of deformation (vs) (a)
and variation of the temperature in the region of the formation of a neck
on uniaxial drawing of PVDF (A).162
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necking phenomenon in PVDF may extend the ideas concerning
the mechanism of the polymorphic transformations a -> p. The
conclusions of certain investigators on this question are of interest
in this connection. Thus according to Kochervinskii,163 the
variation of the short- and long-range order parameters as a
function of T& led the authors to the conclusion that crystallisation
processes should occur in the region of the formation of a neck in
PVDF and should be preceded by the passage of the system
through a strongly disordered or even fused state. However, in the
study of the Raman spectra in the course of the deformation of
PVDF it was observed162 that not only does the a -»P transfor-
mation occur in the region of the neck but there a marked increase
in the degree of crystallinity (Fig. 14 a). At the same time, as can be
seen from the figure, the medium is heated intensely in the region
of the neck, such heating depending on the rate of deformation.
This factor is apparently decisive for the 'anomalous' decrease in
the velocity of ultrasound on formation of a neck in the VDF/TFE
94/6 copolymers.114-163 The decrease in the velocity of sound
under these conditions may reach 15% and the intensity of the
transition of the material to the disordered state may depend
significantly on its previous thermal history.

Specimen 2, for which the isothermal crystallisation time was
five times longer than for specimen 1, has alower concentration of
defective conformers (TGTG and T3GT3G), a larger size of the
spherulite Re, a higher density p, and an increased fraction of the
basic 'planar zigzag' conformations (Table 10).

Table 10. Spectroscopic and morphological characteristics of isotropic
films of the VDF/TFE 94/6 copolymer obtained by crystallisation from
the melt.114

Frequency/cm"1

(7T)n conformation

442
70

TiGTiG conformation

431
300
90

TGTG conformation

411
287
214

Did
for specimen 1"

60
54

47
9

34

48
16
18

Did
for specimen 2b

122
86

106
15

163

45
4
6

"For specimen 1, p — 1.8031 g cm" 3 and Re — 3.4 um.
b For specimen 2, p = 1.807 gcm~3andl?c = 4.6 um.

It may be inferred from the values of p(y) calculated by Eqn (4)
that an increase in the crystallisation time is accompanied by a
redistribution of the relative amounts of the conformational
defectSj_i.e. chain sections are enriched in the isomers with the
T3GT3G conformation as a result of their transition from the
TGTG conformation.

Specimen

1
2

P(V)

0.49
0.70

D^

1.8
0.88

a

0.8
0.37

0.29
0.04

D10

0.67
0.46

An increase in the number of chains in the 'planar zigzag' and
T1GT3G (which are closer to a planar zigzag than TGTG)
conformations is in fact apparently the cause of the weaker
disordering in the transitional region involving the formation of
the oriented p phase (Fig. 15).
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Figure 15. Dependence of the longitudinal velocity of sound on the
deformation (a) and the relative change in the velocity of sound as a
function of the stress in the region of the formation of a neck in two
specimens of the VDF/TFE 94/6 copolymer (A).114 Specimen: (1) 1; (2) 2.

The structure and morphology of the latter for films obtained
at different Ta may differ significantly.129 This follows also from
the consistent changes in the long period L and in the intensity of
the small angle meridional maximum on the X-ray diffraction
curves (Fig. 16). An increase in T& is accompanied by an increase
in L and in the intensity, as mentioned above, the latter being
probably due to the increase in the difference between the densities
of the crystalline and amorphous regions along the direction of
stretching. As can be seen from the same figure, this is accom-
panied by consistent changes in the response recorded by acoustic
(from the velocity of sound) or optical (from the magnitude of the
birefringence) methods. In particular, for the specimen with the
highest draw temperature, the optical anisotropy in the film for
small deformations hardly changes, while the velocity of sound
actually diminishes somewhat. The increased concentration of
'defective' isomers noted for oriented films with a high T^129

shows that the microstructure of the noncrystallising sections in
such systems may determine also the response to external
influences (mechanical129 or electrical 16°). This may prove useful
in its turn for the understanding of the mechanism of the piezo-
electric response in such systems.

V. Characteristics of the crystallisation of
poly(yinylidene fluoride) under the conditions of
uniaxial compression and high pressures
The uniaxial stretching effects influence significantly the phase
equilibrium in the crystalline PVDF phase and one may therefore
expect that the conditions in the uniaxial or all-sided compression
also lead to an alteration in the nature of the polymorphic
transformations. This hypothesis was confirmed more than 25
years ago in the pioneer studies by Doll and Lando.164"166 It was
shown that isothermal crystallisation from the PVDF melt, which
is usually accompanied by the formation of the a modification,
leads to the crystallisation of the y phase (or its mixture with the a
phase) on raising the pressure to 2000-5000 atm, the probability
of this increasing with decrease in the degree of supercooling.165

For the VDF/TFE 93/7 copolymer, which usually crystallises as
the low-melting P phase (melting point 139 °C), an increase in
pressure to 5000 atm leads to the formation of the same modifica-
tion but with a melting point higher by 20 °C.166 The same rule
holds also for isotropic specimens textured as a result of uniaxial
stretching and crystallised at normal and elevated pressures.166

The results of differential thermal analysis have shown that an
increase in pressure at the crystallisation of isotropic specimens is
only one of the conditions for the formation of the p phase, the
other condition being the maintenance of a low degree of super-
cooling. It has been shown by electron microscopy that crystal-
lisation under pressure is accompanied by a significant increase in
the long period (to 68 nm compared with the usual values of
10-15 nm).167 An increase in pressure to 3000 atm increases
linearly the melting point both of the VDF homopolymer and of
its copolymer with TFE, the entropy of fusion diminishing under
these conditions.

Similar results have been obtained also in a study whose
authors observed the polymorphic transition a -> p in the high-
temperature annealing of specimens with the a phase under a
pressure of 4000 atm. It was noted (as in the above studies 165~I67)
that a decrease in the annealing temperature lowers the effective-
ness of this transition. It was demonstrated later110 that, by
making the conditions for the annealing of the isotropic PVDF
specimens more severe (a pressure of 4500 atm and a temperature
of 292 °C), it is possible to ensure also the a -> P transformation.
The extent of such transformations can be increased by optimising
the PVDF crystallisation conditions under high pressure.169 For
this purpose, changes were made both in the temperature (from
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Figure 16. Variation of the longitudinal velocity of sound (a) and birefrigence (6) as well as small angle X-ray diffraction curves (c) for oriented films of
the VDF/TFE copolymer obtained at different temperatures (°C): (7) 60; (2) 80; (3) 100; (4) 120; (5) 140.129
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Table 11. Characteristics of the crystallisation conditions and the parameters of the PVDF structure during formation under increased pressure.169

Pi /kbar Pf/kbar Ti/°C 7Y/°C Fraction of P phase (%) a (%) Ar/AP/Kkbar-

0.93
1.15
1.45
1.80

6.25
6.38
6.21
6.4

213.1
217.3
225.8
231.9

254.4
255.6
257.3
261.0

4
12
19
95

51
50
52
60

7.76
7.32
6.62
6.33

the initial T\ to the final Tf and in the temperature (from the initial
7i to the final Ti) and in the pressure (from the initial Pi to the final
Pt) of this process as a result of which it is possible to vary
appreciably both the fraction of the ($ phase and the degree of its
crystallinity. This is illustrated by the data in Table 11.

The nature of the changes in the parameters of the unit cells in
the PVDF crystals formed under pressure has been investi-
gated.170 For this purpose, the changes in the interplanar
spacings were followed in specimens of the a and |3 phases under
pressure. In the a modification of PVDF, they proved lower in the
110 plane than in polyethylene (PE), whereas along the axis of the
macromolecule the opposite was true. The variation of the unit
cell parameter of the a phase along the b axis was found to be
greater than along the a axis, whereas for the p modification the
changes in the interplanar spacings along the normals to the 110,
200, 020, and 310 planes are similar. It has also been shown that
the compressibility of the lattice decreases in the direction
PE -• PVDFa -> PVDFp. The study of the volume compressibil-
ity f}v with the aid of physicomechanical characteristics in block
PVDF specimens crystallised as the P modification evidently
makes it possible to obtain definite information about the
structure of the nonordered regions.171 Thus, it has been shown
that, under the conditions of the crystallisation of PVDF in the
form of one modification, /?v for the oriented specimens proved to
be always lower than for the isotropic ones. On the assumption
that the degree of crystallinity is constant, this can be accounted
for solely by the denser packing of the chains of the amorphous
phase in the former. The large fraction of the latter phase in PVDF
(> 50%) is believed to be the main cause of the abrupt change in
Young's modulus with increase in pressure, where the vitrification
of the nonordered regions is postulated.171 The role of the latter is
manifested also by the dependence of the linear expansion
coefficient L of the specimens with a nonoriented phase on the
pressure P described by the polynomial

L = A + BP + CP2 + DP3 , (5)

where A = 2.540, B = -1.733 x 10~2, C = -1.605 x 10"3, and
D= -1.386 x lO- 4 .

The two bends in the temperature variations of the linear
expansion coefficient (at — 50 and 22 °C) are attributed to
transitions in the amorphous phase and the crystal respectively.

In a series of studies Matsushige and coworkers127>171~17S

also indicated the possibility of the a -> p transformation on
crystallisation (or annealing) under high pressure. The presence
of three endothermic fusion peaks for the PVDF specimens
crystallised in this way is attributed to the fusion of the residues
of the a phase and of the regions of the P phase, which results in the
formation of folded-chain crystals and extended chain crystals
(ECC).171" 175 It was noted that such crystals have significantly
different morphologies: a spherulite structure was observed for
the folded-chain crystals, whereas for the ECC lens-like forma-
tions with dimensions of ~ 10 nm were noted. The corresponding
melting points (at the normal pressure) are respectively 190 and
207 °C, both increasing linearly with pressure. As the PVDF
specimens with the p phase crystallised under a high pressure are
heated under normal conditions, the reflections characteristic of
the P phase remain unchanged up to 189 °C (which is not the case
in the oriented specimens with the P phase). This indicates the high
stability of the above modification and the absence of the reverse
transition p -> a up to the temperature indicated.174 The results of

the study of the high-temperature annealing of specimens of the
PVDF phase under a pressure of 4000 kg cm~2 have shown that
the virtually complete transition a -> P takes place over a period of
165 min at 278 °C (the melting point of the a phase is 286 °C). A
decrease in the annealing temperature lowers the rate of the
transformation. The activation energy for the above transition
(calculated from kinetic data for the initial stage of the process)
has been estimated as 30 kcal mol"1.173

When pressure was applied to an oriented PVDF specimen
containing a small amount of the residual a phase, a uniaxial
deformation arose, which led to the complete disappearance of the
a phase.176 In addition, X-ray photographs at different angles
relative to the initial c texture have shown that the hOO planes of
the P phase crystal lattice are located in the plane of the film, the
001 direction again coinciding with the direction of the initial
extension, so that the hOO planar texture is produced. It is believed
that the 100 and 110 planes in PVDF (as in polyethylene) are the
closest packing planes with the maximum interplanar spacing.
Slip should occur along the above planes in most cases. The
formation of fault bands and twinning are characteristic of the
structure formed under these conditions.

In the case of the uniaxial compression of isotropic films with
the a phase, it was found that the shape of the pistons may play a
significant role in the a. -+ p transformation.175-177 The rectangu-
lar shape is preferable for the chosen conditions (5000 kgf cm"2

and 125 °C). In this case, the X-ray diffraction pattern proved to
be similar to those for the extended specimens, the degree of
orientation of the P crystallites reaching 95%.175 The results of the
study of the compression process at variable temperatures have
shown that the most complete a -• p transformation takes place at
125 °C. On the other hand, on extension an increase in tempera-
ture (under the conditions of constant deformation) leads to a
decrease in the extent of the above transformation. It is therefore
concluded that the mechanisms of the a -> P transitions on
compression and extension are different. With increase in pres-
sure, there is also a change in the mechanism of the transformation
on extension. At a temperature above 130 °C, uniaxial stretching
proves ineffective for the a -> P transition. However, if it is carried
out under a pressure of 4000 kgf cm-2 , then the transition occurs
up to draw temperatures in the range 250 - 265 °C.127 The changes
in the nonordered phase in high-temperature annealing processes
under a high pressure have been investigated in a study127 of the
a -» p transitions in relation to single crystals of the a phase. In
particular, the above transformation goes to completion in such
crystals over a period of 15 min at 533 K and a pressure of
400 MPa. Presumably the nonordered phase gives rise to definite
hindrance to the <x -» P transition, since the annealing at the same
pressure of a PVDF specimen with a lower degree of crystallinity
requires 165 min and a temperature of 551 K for the 100% yield
of the P phase.173

The structural transformations for different versions of the
uniaxial and all-sided compression should be reflected also in the
electromechanical characteristics of the polarised PVDF films.

Table 12 shows that, during annealing at a high pressure, the
piezoelectric constants of uniaxially extended films increase by a
factor of 3.5-4. Drawing under a high pressure requires the
optimisation of the process with respect to temperature. For the
variant involving uniaxial compression, the piezoelectric moduli
may be increased appreciably by combining the film deformation
and polarisation processes.
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Table 12. Piezoelectric properties of PVDF specimens obtained by differ-
ent methods.127

Preparation conditions

1 kgf cm~2 drawing
and 75 °C

Drawing (annealing)
under 4000 kgf cm - 2

pressure and 278 °C
for 30 min

Drawing under
4000 kgf cm~2 pres-
sure at different
temperatures /°C

165
200
250
265

Uniaxial compression
at 5000 kgf cm"2 and
125 °C

Poling after compression
Poling during compression

Piezoelectric
stress
constant

/ C m - 2

1.0

3.5

2.7
3.0
4.1
1.7

1.5
2.8

Elastic
modulus
/GPa

1.5

1.3

1.4
1.4
1.6
1.3

1.5
1.5

Piezoelectric
strain
constant

6.7

27

20
21
26
13

8.0
19

For the VDF homopolymer with crystals of the P phase, an
increase in pressure to 4.5 kbar increases its melting point by more
than 100 °C.170 For the VDF/TrFE 70/30 copolymer, in which the
melting point and the temperature of the ferroelect-
ric-paraelectric transition are different, an increase in pressure
is accompanied by an increase (albeit in accordance with different
laws) in the regions of both transitions. The nature of the above
phenomenon has been investigated in detail in studies179"181 of
the structural changes under the influence of high pressure in
ferroelectric VDF/TrFE copolymers having different composi-
tions. In particular, it has been shown for PVDF/TrFE 54/46 that
under normal conditions (room temperature, normal pressure)
the crystal structure is characterised by the coexistence of the
paraelectric and ferroelectric phases, to which correspond differ-
ent angular positions of the main intermolecular reflection.179 An
increase in pressure to 450 GPa is accompanied, together with the
general shift of the reflections towards larger angles, also by a
significant weakening of the paraelectric component, the above
changes being reversible.179 An increase in pressure in the copoly-
mers indicated is accompanied, according to X-ray and electro-
physical measurements, by an appreciable shift of the region of the
ferroelectric-paraelectric transition towards higher tempera-
tures.180

A combined study of the structural and electrophysical
properties of films of the VDF/TrFE 94/6 copolymer resorting
to X-ray diffraction, scanning electron microscopy, and thermal
analysis data has shown that crystallisation at high pressures is
accompanied by the formation of lamellar crystals of the P phase
with hexagonal packing and a thickness of 100-200 nm, which
retain their stability at very high temperatures. By generalising
these data, the authors181 were able to put forward a phase
diagram for the VDF/TrFE 94/6 copolymer (Fig. 17). It follows
from the latter, in particular, that the melting point and the Curie
point (Tc) increase with pressure according to different laws and
that the hexagonal phase may be present only at high pressures. As
a result of the analysis of the morphology of the supermolecular
structures formed, it was later concluded that the ECC regions are
formed when crystallisation from the melt gives rise to a metast-
able hexagonal phase, which may be subsequently converted into
a stable orthorhombic phase.182-l83
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Figure 17. The P- T phase diagram for the PDF/TrFE 94/6 co-
polymer.181

(1) curves obtained in the heating regime; (2) curves for the cooling regime;
hexagonal phase — paraelectric; orthorhombic phase — ferroelectric.

VI. The polymorphism of the poly(vinylidene
fluoride) induced by strong electric fields
The dipole moment of the monomer unit of the PVDF chain in the
'planar zigzag' conformation is 7 x lO"30 C m,184 so that it is
natural to expect a high sensitivity of this polymer to strong fields.
Indeed, numerous experimental data have confirmed this. High
fields may affect the crystal lattice, altering the nature of the
supermolecular formations in the PVDF and the isomeric com-
position of its chain. The above changes are usually observed by
large- and small-angle X-ray diffraction methods, the method
based on the small angle scattering of polarised light, and IR and
Raman spectroscopy. Examination of the polymorphic transfor-
mations in PVDF under the influence of high fields can be usefully
begun with a simpler case where a PVDF specimen crystallised as
the p phase, in which a polymorphic should not be expected, is
subjected to the action of the field. Such a case has been described
in a study184 where the p phase was obtained as a result of low-
temperature drawing and subsequent annealing. The nature of the
change in the profile of the principal p phase reflection 200, 110
after poling (in a 60 MV m~ ' field) showed that the polar cell
uncoils under the influence of the field.

Another variant of the behaviour of PVDF in a high field has
been examined in studies,185-186 where crystallisation led to the
formation of a mixture of the a and P modifications. Fig. 18
presents X-ray diffraction curves for the initial (biaxially oriented)
film and the film treated in a corona discharge. Evidently, poling
in the corona discharge even at a potential of 5 kV leads to the
disappearance of the 100 and 020 reflections of the a phase and to
an increase in the principal 200,110 reflection of the P phase. The
intensity of the latter increases significantly with the simultaneous
decrease in yet another reflection (110) of the a phase with increase
in the potential to 10 kV, which has been attributed to the
polymorphic a -• p transition. Certain details of the structural
changes occuring under these conditions may be noted by
analysing the data in Table 13. In particular, it is seen that, after
the treatment of the film in the field, the principal reflections of
both the a and p phases shift towards small angles and are
broadened at the same time. The former fact, indicating some
'loosening' of the transverse dimensions of the crystallites, has
been attributed to the deformation of the bond angles in the main
chain as a result of the interaction of the field with the polar CF2

bonds. On the other hand, the broadening of the p reflection after



The structure and properties of block poly(vinylidene fluoride) and systems based on it 88S

//rel. unit

CuK,

Table 14. The structure factors for the reflections due to the a and otp
modifications of PVDF.188

(100) (020)

17 18 19 20 21 20 /deg

Figure 18. Diffraction curves for the initial PVDF film (/) and the film
charged in a corona discharge (2,3).18S

Potential in the corona discharge (kV): (2) 5; (3) 10.

charging the film is due to the decrease in the size of the crystallites
or an increase in their defectiveness.

For oriented PVDF films containing only 5% of the P phase,
the effect of the 1.5 M V cm - ' field did not lead to the appearance
of any new reflections, but a number of those arising from the
initial film changed significantly.'87 A similar phenomenon in low
fields was noted also in other investigations.188-189 A significant
change in the concentration of the groups in the TGTG conforma-
tion was not then found187 and it was therefore postulated that a
new crystallographic modification otp (5—) is formed under these
conditions.

The a -» otp transition leads to the formation of a new cell in
which the dipole moments of two chains are parallel (Fig. 2). This
transition requires the rotation of one chain by 180 ° (as a result of
the energy of the external field and temperature) with a transla-
tional displacement along the axis of the macromolecule over a
distance c/2. The identity periods of the new lattice are then found
to be the same as in the a phase, but the structure factors for a
series of the reflections may differ appreciably (Table 14).

The appearance of the new 110,200 reflection of the P phase in
higher fields188-189 indicates that two stages in the structural
rearrangement should be expected for the a phase: in accordance
with the scheme a -> ap -> p. In low fields, the a ->ap transition
takes place without changes in the chain conformation and in the
geometry of the lattice, the unit cell becoming polar under these
conditions. The last factor is apparently the reason why certain
reflections from the <Xp phase undergo a change in intensity or are
altogether extinguished (Table 14). However, this transition is not

100
020
110
120
021
111
121
130
200
210
040
002

26/deg

17.88
18.41
20.13
25.77
26.73
27.97
32.35
33.20
36.2
37.44
37.41
38.99

Structure factor /rel.

a phase

60
86

137
92

119
79
65
75
69
81
14
78

units

otp phase

0
86

165
0

119
85
0

93
106

0
14
78

accompanied by any significant changes in the initial morpho-
logy.190 In_ higher fields, conformational rearrangements of the
type TGTG -» (TT)n begin, which entail a change in the type of the
unit cell. The structural rearrangements noted above are accom-
panied by the rotation of the dipoles relative to the direction of the
field and by a change in the relative intensities of a series of
characteristic bands in the IR spectrum.191 It is postulated that the
rotations of the dipoles for the chain sections in the (TT)n

conformation proceed with greater difficulty than for the chain
sections in the TGTG conformation.192 Analysis of the kinetics of
the variation of the intensity of the 512 cm""1 band (characteristic
of segments with the 'planar zigzag' conformation) after the
application of a rectangular electric field pulse permitted the
conclusion that there are fast and slow stages in the orientation
of the dipoles.193 The former is attributed to the rotation of small
crystals and the latter to the slow rotation of the chains in the
crystal. It is postulated that the slow stage of the orientation
process should not reduce solely to 'flip-flop' motions with 180 °
rotation of the chain, which are inactive in the IR region.193

For the cyclic variation of the strength of the field and of its
polarity, the orientation processes are in the nature of hysteresis.
This can be inferred from Fig. 19, in which the intensity curves for
two absorption bands sensitive to the 'planar zigzag' conforma-
tion are presented. If A and B are initial points, then the
antiparallel nature of the curves is due to the difference between
the directions of the transition moment vector for the two bands:
for the 512 cm"1 band, it is parallel to the dipole moment of the
CF2 group, while for the 446 cm"1 band it is perpendicular.193

The retention of a definite orientation of the dipoles after the
removal of the high field is apparently one of the factors needed
for the establishment of a residual poling in PVDF films.

Table 13. X-Ray diffraction data for the initial (biaxially oriented) PVDF film and PVDF film treated in a corona discharge.

Data from Ref. 186Thickness
of specimen

/um

16

25

Data from Refs 110 and 111

2*/deg

17.9
18.4
20.1
20.85

20.1
20.85

phase

a
a
a
P

a
P

plane

100
020
110
110
200

110
110
200

before treatment in discharge after treatment in discharge

I II III II III

17.7
18.4
20.0
20.7

20.15
20.9

11.2
3.4

54.52
45.16

76.5
93.5

0.00614
0.00636

0.00448
0.00537

17.7
18.4
19.4
20.16

19.9
20.6

1
1
3.3

63.25

11.2
109.6

0.00883

0.00846

Note. The following designations have been adopted: I — Bragg angle 2 * /deg; II — area /arbitrary units; III — integral width /rad.
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Figure 19. The hysteresis character of the 512 cm - ' (a) and 446 cm - ' (b)
band intensity curves for a variable field in a PVDF film.
A and B — initial points.192

The above hypothesis that the <x->ap transition is not
accompanied by a change in the nature of the Hv dispersion
pattern190 was refined to some extent data by the data of
Broussoux et al.194 They observed an increase in the intensity at
the centre of the pattern when a PVDF film in the otp modification
was placed in a high field. Since the crystals of the ap phase are
polar, the forces acting on them alter the form of the orientation
function N(ai) for the crystallites in the spherulite. This should
disturb the order in which the crystallites are arranged along the
spherulite radius and should increase the scattering intensities at
the centre of the pattern. During the repolarisation of the PVDF
films in an 800 kV cm"1 field, the above changes in intensity
occur over several minutes.194 In high fields, this can be explained
only by the influence of the space charge.

In a later study195 by the same workers, the role of plastic
deformation in the a -> otp -> p polymorphic transformations on
poling of PVDF films was investigated. The change in the nature
of the orientation of the P phase crystals under the influence of a
high field was estimated (from the 201, 111 reflection) for this
purpose. In one case, the poling was carried out after rolling the
film and in another both processes were combined. Furthermore,
by employing together with the X-ray method yet another variant
of the IR spectroscopic distorted total internal reflection method,
they estimated the nature of the orientation both in bulk and on
the surface. The results demonstrate appreciable differences for
the two poling methods. When the rolling and poling are carried
out separately, the orientation in bulk proved to be less marked
than on the surface and for the latter it is significantly more
pronounced on the side of the positive electrode. This difference is
attributed to the change in the local field as a result of the injection
of carriers from the electrode. On the other hand, when the rolling
and poling processes are combined, the difference between the
orientations on the surface and in bulk are insignificant, as for
different signs of the potential on the surface of the poling film.
Owing to the high mobility of the chains, the plastic deformation
processes promote an effective 'dissipation' of the space charge of
the injected carriers and thereby smoothe out the inhomogeneity
of the poling along the film cross-section.

The experimental critical fields for the a-xxp
(100-lSOMVm-1) and a ->0 (500 MVm" 1 ) transitions188

have been confirmed, as regards order of magnitude, by calcula-
tions of the local free energy in terms of the average field
approximation.196 A decrease in the fields with increase in the
poling temperature has also been predicted, in agreement with
experimental data.197 On raising the temperature from 20 to
65 °C, coercive fields decrease by a factor of 2 as a consequence
of the initiation of thermal defects, which should facilitate the
above transitions. It is significant that this concerns only con-
formational defects, since irregularities in the 'head to head'
attachment of groups actually increase the intramolecular poten-
tial barrier to the transition under consideration.198 If it is
postulated that the conformational defect is produced in the
form of a kink of the kind mentioned above, the a -> otp transition
can be modelled by the motion of a defect along a chain.199

According to this model, the rate of migration of the kink depends
on the field strength. At 373 K and for a field strength of
100 MV m"1 , the rate is ~ 10 m s~l. This means that the kink
migrates over a lamella 10 run thick over a period of ~ 1 ns.

Estimates have shown that the proposed .mechanism of the
<x->otp transition requires ~ 1 ms for the 180° rotation of the
chain. For a quantitative justification of the proposed model, it
was postulated 20° that the motion of the kink along the chain in
the form of soliton waves is the basis of the mechanism for the
polarisation of the longitudinal component of the dipole moment,
observed in PVDF films. Calculations based on the proposed
hypothesis yield an activation energy for the migration process of
~ 10 kcal mol~' in the case of an ideal chain. This is an order of
magnitude higher than the value obtained in dielectric relaxation
experiments. It is assumed that the difference may be smaller if
account is taken of the 'head to head' defects which actually exist
in the chairs and of the stressed bonds which may arise in the
crystal or at its boundary with the nonordered phase. Another
mechanism of the growth of the domain disposed most favourably
relative to the polarising field has been proposed.201 The mecha-
nism is based on the idea of the twisting of the boundaries.202 It
has been shown that the additional energy per chain for 180°
rotation in the conformation with minimum energy is
42 kJ mol"1. The energy barrier which is overcome during the
migration of the boundary along the chain is not less than
7.5 kJ mol~ • per repeat unit. This is comparable with the energy
gain of l ^ S k J m o l " 1 on transpolarisation of PVDF in a
2 MV cm- 1 field.

The above structural transformation occurs only for high field
strengths. Indeed, in the crystallisation of PVDF from solution in
dimethyliormamide in a 100 kV cm" ' field, neither the formation
of a new phase nor a change in the form of the spherulite were
observed.203 However, even at 115 °C appreciable changes in the
intensity of the 616 cm- 1 band are observed only for field
strengths in excess of 100 MVm-1 .2 0 4 '2 0 5 In the temperature
range 50-70 °C, the increase in the intensity of the conforma-
tional rearrangements occurring in the field (350 MV m~ •) agrees
qualitatively with the data of Lu et al.197 The regions of mobility in
the PVDF crystal phase observed in this range by the dielectric
method necessitate the assumption that above motions should
play an important role in structural rearrangement processes
under the influence of a field. This has been confirmed by
data 205 showing that, under the conditions of an identical field,
an increase in the poling temperature from 20 to 100 °C leads to an
increase in the fraction of the P phase formed from 60% to 95%.
Data obtained in studies on depolarisation processes in such
specimens indicate that the temperature range 50-70 °C is
important also for the deorientation processes involving some of
the dipoles in polarised PVDF specimens and the P phase formed
under these conditions remains stable up to high temperatures.205

The deorientation processes affect also the relaxation of the
modulus in PVDF films in the early stages of stress relaxation.206

It must be noted that the mobility in these experiments (mentioned
above) may also have a positive effect on the elastic properties,
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since after longer times the inverse increase in the modulus is
observed, which is most probably attributable to additional
crystallisation.

Kepler et al.207 investigated the possibility of the theoretical
estimation of the changes in the degree of crystallinity a in PVDF
films with the P phase under the influence of an electric field.
Estimates have shown that an increase in a with increase in field
strength should be linear with a coefficient of 2.8 x 10~ n V m~'.
The experimental coefficient was found to be somewhat higher,
namely (1.8±0.2) x lO"11 V m"1 . One of the causes of the differ-
ence between the coefficients is, according to the authors, the
difference between the relative permittivities of the amorphous
and crystalline phases, giving rise to an inhomogeneity in the effect
of the field on them. Yet another cause of the above difference may
be the irreversible changes in the intermolecular packing of the
PVDF chains under the influence of high fields. This can be
inferred from the appreciable frequency shift of the characteristic
bands in the IR spectra of PVDF on exposure to a strong electric
field, which is reflected in Table 15.

Table 15. Variation of the band frequencies in the IR spectrum of PVDF
during poling and after poling.208

Bond
/cm-1

976
796
765
614
530
845
510

Type

t(CH2)
Y(CH2)
a(CF2) + <r(CCC)
ff(CF2) + </(CCC)
<T(CF2)

y(CH2) + va(CF2)
<T(CF2)

Frequency/cm~'

before
poling

975.9
796.4
765.1
614.7
532.3
843.5
510.1

during
poling

974.8
796.3
764.3
614.0
533.5
846.0
510.9

after
poling

975.8
796.3
764.0
614.3
532.7
844
510.4

The same tendency towards a displacement of a series of P
phase bands after the poling process towards higher frequencies
has been noted also for the VDF/TFE 75/25 copolymer.209 The
state of the more ideal packing of the chains after polarisation can
be judged from the narrowing of the above bands and from the
simultaneous increase in the density from 1.875 to
1.895 g cm-3.209 As in the study of Kepler et al.,207 the polarisa-
tion of the VDF homopolymer is accompanied by an increase in a,
but this occurs without change in the size of the crystallites. This
finding indicates the formation of additional ordered regions from
the amorphous phase.210

The changes in the intensity of the 510 cm"1 band during the
cyclic variation of the field applied to a biaxially oriented PVDF

film 21 ' agree qualitatively with the changes in the intensity of this
band found by Naegele and Yoon.193 Comparison of the coercive
fields obtained from spectroscopic data and from the field
dependences of the electric shift showed that in the latter case
they are appreciably greater. The 510 cm"1 band is characteristic
of both the p and y phases (Table 1). For this reason, Guy and
Unsworth211 believe that one of the causes of the difference
between the coercive fields is the presence together with the P
phase of small amounts of the y phase, which may have high
coercive fields. Another cause is most probably the fact that the
510 cm""1 band is sensitive to the presence of 'planar zigzag'
conformations not only in the crystal but also in the amorphous
phase. The hysteresis phenomena for the latter should undoubt-
edly be characterised by lower coercive fields than the domain
switching processes in the crystal, which are in fact responsible for
the characteristics of the hysteresis in electrophysical experiments.

The influence of the poling temperature on the nature and
kinetics of the structural transformations in PVDF in the range
20-100 °C has been investigated.212 For films with three different
thicknesses, the changes in the intensities of the 510 and 530 cm~'
bands, which characterise the 'planar zigzag' and TGTG confor-
mations respectively, were analysed mainly. Fig. 20a presents the
dependence of the relative change in the intensity of the 530 cm"1

band as a function of the polarising field strength. Evidently an
increase in the poling temperature leads to an approximately
linear displacement of the structural rearrangement region
towards lower fields (Fig. 206). The kinetics of the variation of
the intensity of the 530 cm- 1 band when a high field
(2.1 MV cm-1) acts on a PVDF film shows that the equilibrium
value of A/530 is attained after 40 - 60 min. The domain switching
times in such fields should be less than 10~3 s.127 The considerable
differences between the domain switching and structural rear-
rangement times make it possible to put forward certain con-
siderations about the details of the latter. When a field is applied to
a specimen, the reorientation of crystallites takes place initially in
the first stage. In the new position, the latter generate an internal
field, which promotes the occurrence of orientation processes in
the amorphous phase itself and at its boundaries with crystallites.
The slowest stage in this process is the diffusion-controlled
generation of a space charge both from the free carriers present
in the initial state (before the application of the field) and as a
consequence of the injection of charges from the electrodes.

A confirmation of the hypothesis of the occurrence of
structural rearrangement processes in the amorphous phase may
be found in the results of the study of Hsu et al.,212 although the
authors did not draw attention to this fact. Indeed, during the
poling process the 490 and 470 cm- 1 absorption band intensities
are redistributed, a decrease in that of the former and an increase
in that of the latter being noted. These bands are attributed to the
amorphous regions and their changes imply that poling leads to a

60

2.5 £/MVcm-

£/MVcm-

0 40 80 77°C

Figure 20. Field dependences ofthe relative change in the intensity of the 530 cm"1 absorption band at different poling temperatures (a) and temperature
dependence ofthe critical fields in the structural rearrangement (6).212 r(°C): (7) 20; (2) 40; (3) 65; (4) 80; (J) 100.
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decrease in the fraction of the goucAe-conformation as a result to
the transition to the trans-conformation.

Yet another rather unpredicted phenomenon was later
observed.213 In previous sections, it was shown that the a -> y
transition initiated by prolonged high-temperature annealing of
films with crystals of the a phase or by the crystallisation of PVDF
from the melt with slight supercooling. The crystallisation of
PVDF from the melt with high degrees of supercooling has been
investigated in a 0.07MV cm"1 electric field.213 An experiment
involving crystallisation with the same degree of supercooling but
in the absence of an electric field was carried out as a control. It
was observed that in the latter case PVDF always crystallised as
the a phase. On the other hand, IR spectroscopic data showed that
crystallisation in a weak field is accompanied by the appearance of
an appreciable amount of the y phase. This was inferred from the
appearance of the_815, 776, 510, and 430 cm"1 bands character-
istic of the T3GT3G conformation. It is significant that the fraction
of the y phase increases with decrease in the degree of supercooling
and reaches 70% in the best cases. This phenomenon may be not
only of academic interest but may also find a practical application.

The characteristics of the structural transformations under the
influence of strong electric fields have been observed also for the
VGF/TrFE 75/25 copolymer, which crystallises immediately as
the ferroelectric p phase in the absence of the field.214 It was
observed by IR spectroscopy that the number of long sections of
the chains in the 'planar zigzag' conformation (the 850 and
1290 cm- 1 bands) changes in different ways following the
application of a strong field depending on the temperature. Thus
the application of a field at room temperature, which differs
markedly from the Curie temperature, leads to a decrease in the
concentration of the above sections (this is not observed for the
VDF homopolymer), whereas at temperatures close to the Curie
point the opposite behaviour is noted. It is believed that the
improvement of order occurs only if it has been disturbed in the
initial state (in the absence of a field) owing to large thermal
fluctuations.

Transitions under the influence of a field on PVDF films
obtained by different methods have been observed by X-ray
diffraction, IR spectroscopy, and DSC.215 Variation of the
method of preparation showed that the threshold fields for the
structural transformations of the a phase may be 0.6 and
1.6MVcm"'.

In a series of studies designed to estimate the possible
structural changes in PVDF after and during the treatment by
operation of strong electric fields, NMR spectroscopy was
employed.216"210 Significant changes were noted in the direction
of the b axis of the lattice in a field of 1 MV cm- 1 even at room
temperature.216 Variation of the field strength demonstrated an
appreciable decrease in the fraction of mobile protons in fields of
1.5-1.6 MV cm"1,217 whilst analysis of the second moment of
the absorption line indicates the presence, together with the
crystalline phase, of highly oriented chains of the nonordered
phase, the fraction of which may reach 0.14.218

The distribution function for the b and c axes of the lattice in
PVDF films after their poling has been analysed.219 Comparison
of the intensities of the 111 and 001 reflections for the PVDF p
phase before and after poling shows that a high field affects not
only the distribution functions for the polar axes of the lattice (b)
but also the distribution functions for the axes of the macromo-
lecules (c). At the same time, it was noted that, despite the high
fields the distribution of the b axes relatively to the normal to the
film surface remains fairly wide. According to the authors 219, this
creates potential possibilities for increasing the residual poling Pr

in the ferroelectric PVDF by a factor of at least 2.219 In the case of
uniaxially extended PVDF films, Pr can be partly increased by
selecting the conditions for preliminary isometric annealing. Thus
it has been shown that such annealing at high temperatures
(160-180 °C) is accompanied by an appreciable increase in Pt

(from 51.4 to 65.2 mC m-2).2 2 0 This is attributed to a consider-
able increase (from 45% to 68%) in the degree of crystallinity

under such annealing conditions. Somewhat later, Takase et al.221

showed that such annealing is accompanied by an increase in the
chain packing density in the lattice of the P crystallites and by an
increase in their perfection. At the same time, these structural
changes decrease appreciably (from 67.0 to 41.3 jis) the domain
switching times for a 2 M V c m - ] field in the ferroelectric
phase.221

The structural transformations in oriented PVDF films,
crystallised as a mixture of the a and p phases, have also been
investigated by the method of X-ray pole figures.222 Analysis of
the data shows that the distribution of the orientations of the
dipoles along the direction of polarisation begins to charge
appreciably already in fields of 80 MV m~' , although the nature
of the distribution is restored after the removal of the field. Such
low threshold fields may be associated with the high draw ratio
(X = 6) of the initial film. A field-induced increase in crystallinity
has been observed,222 which corresponds qualitatively to the data
of Kepler and Anderson.184 The dependence of the additional
increment in the degree of crystallinity in PVDF films on the
polarising field strength (Fig. 21) indicates nevertheless also
certain differences with the above study. Whereas in the latter a
monotonic linear dependence was noted in the entire range of
fields, it can be seen from the figure that in the range
160-100 M V m " 1 an 'anomalous' decrease in the degree of
crystallinity takes place. The cause of such decrease is probably
the competitive effect of two processes. In low fields, the structures
of the crystallites, the polar axis of which assumes a favourable
disposition relative to the external field, are built up (using the
chains of the amorphous phase). In a higher field, the energy of the
latter is sufficient to initiate the rotation of single chains in crystals
with an unfavourable disposition. Such rotations may disrupt the
crystals, which in fact leads to a decrease in the degree of
crystallinity. One should also note that, after the field has been
switched off, the degree of crystallinity falls significantly. This
finding most probably indicates that the reversible component or
the increase in the degree of crystallinity is effected via a transition
to an ordered state of some of the chains of the amorphous phase
(or of its boundaries with the crystal). After the removal of the
electric field, these regions again pass to the disordered state.

The contributions of the dipoles of the crystalline and
amorphous phases to the field-induced orientation processes
have been divided on the basis of a modified scheme for IR
spectroscopic analysis,which provides for the possibility of alter-
ing the angle at which the beam enters the textured PVDF films.223

Use was made of a uniaxially extended film in which the fraction
of the residual a phase was less than 5%, i.e. the polymorphic
transformation under the influence of the field could be neglected

£(%)

20 -
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50 150 E/MVra-

Fignre21. Dependence of the additional increment in the degree of
crystallinity in PVDF films on the poling field strength.222

(7) With the field applied; (2) after the removal of the field.
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and the changes in the IR spectra could be unambiguously
attributed solely to the change in the orientation of the dipoles.
Two vibrational bands (at 510 and 445 cm"1), characterising the
'planar zigzag' conformations were selected. The former corre-
sponds to the CF2 groups in both phases, while the latter
corresponds only to the dipoles in the crystallites. Analysis of
these data showed that, whereas in the initial state the dipoles form
an angle of 42-44° relative to the normal to the film, after the
application of a 2.4 MV cm" ' field the angle is 27 ° for the
510 cm"1 band and 18° for the 44 cm"1 band. The significant
difference between these values demonstrates unambiguously
that, for the same field, the dipoles are better oriented in the
crystal than in the amorphous phase.

A general thermodynamic approach to the quantitative
description of the influence of the field on the crystallisation of
PVDF (in the a or y phases) has been developed.224 The authors of
this study began with the concept of homogeneous primary
nucleation. The free energy of formation (in the absence of a
field) of N cylindrical particles with a length L and an area A may
be found from the relation

AF0 = -NLAA/+ 2NAoe + 2L\/NAno , (6)

where A/is the free energy of fusion of a crystal with a unit volume
and <7e and <s are the end-face and lateral surface free energies of
the nucleus respectively. In order to take into account the contribu-
tion of an electric field with a strength Eo, a modified Guggenheim
approximation was used. The free energy function F(T, V, Eo)
assumes the following form for the formation of a crystalline
nucleus with a volume Vc and a permanent polarisation P$.

F ( r , V, Eo) = F0(T,V)- VCPQEO - • (7)

where e is the relative permittivity of the system. Experiments
designed to investigate the Kerr effect in PVDF demonstrated a
weak orientation of the chains in an electric field. On this basis, it
was assumed that the induced polarisation is much smaller than
the permanent polarisation. Taking this into account, the
authors 224 concluded that there is a large difference between the
nucleation processes in an electric field for particles with polar and
nonpolar phases. The overall free energy equation for crystallisa-
tion in nonpolar (a) and polar (y) phases subjected to a field is

AF = -NAL(Af+ PE0) + 2NAoe (8)

For the a phase, in which the permanent polarisation is zero, P
has the significance of the induced polarisation P-,:

= Pi= E0. (9)

For the polar y phase, one should consider, for the reason
stated above, only the permanent polarisation Pp, which is linked
to the polarisation of the crystal Pc and the relative permittivities
of the crystal (sc) and the melt (sa) by the relation

By differentiating Eqn (10), it is possible to find the values of
the critical parameters: the concentration Nl, the size L* and the
free energy of formation AF^ of a nucleus with the critical size in
an electric field. For temperatures which are not far below the
equilibrium melting point T%, the expression for &Fl is

AhAT

where Ah is the enthalpy of fusion and AT =
of supercooling.

— T is the degree

Taking into account all the above considerations, the rate of
nucleation Je may be found from the equation

Jt = K' exp
-Uo

-exp- kT
(11)

where K' is a constant, Uo is the activation energy for the transfer
of the species comprising the nucleus (1.5 kcal mol"1), and
Too = Tg - 30 K.

For analysis, it is more convenient to use the relative change in
the rate of nucleation in a field (Je) and in its absence (Jo) rather
than Eqn (11). Such relations (in terms of semilogarithmic
coordinates) as a function of field strength for different degrees
of supercooling A ra re presented in Fig. 22. In particular, it is seen
that the effects of the field on the crystallisation of the polar and
nonpolar modifications of PVDF are different. Whereas the field
intensifies nucleation in the y phase, and to a more significant
extent for lower degrees of supercooling, the opposite effect is
observed for the a phase (with a nonpolar cell). The theory
developed has been confirmed qualitatively by the results of
experiments203-212 and investigation225. According to the data
obtained in the last study, the application of a 0.1 MV cm~ • field
during crystallisation does indeed accelerate significantly (for the
same crystallisation temperatures) the rate of formation of the y
phase, 100% conversion being achieved already at temperatures
of ~ 165 °C. The field alters significantly also the form of the
dependence of the total degree of crystallinity (taking into account
the a and y phases) on the crystallisation temperature.

However, the theoretical ideas which have been developed do
not account for a series of new experimental relations. Thus it has
been observed 225 that the morphology arising in PVDF specimens
crystallised in high fields and at high temperatures is not homoge-
neous along the film area. Indeed, the spherulites which have
appeared during crystallisation at different depths differed both in
size and birefrigence, on the one hand, and in concentration, on
the other. We may note that the sign of the potential on the
electrode is an important factor for the formation of crystallites.
For example, near the positive electrode the nucleation density is
always greater than in the vicinity of the negative electrode, in the
light of the theory developed, the latter factor should be most
probably attributed to the fact that the permanent polarisation in
the vicinity of the positive electrode is always greater than near the
negative one.226 Direct observations of the crystallisation process
have shown225 that the role of the field does not reduce to the
direct inhibition of the rate of formation of the a phase, as
predicted by the theory.224 The decrease in the number and

2 6 10
l ^ f / M V c m - 1

Figure 22. Dependence of the relative change in the rate of nucleation
with and without the application of the field with different degrees of
supercooling for the y phase (a) and the a phase (b).22*
AT( °C): a: (V) 30; (2) 40; (3) 50; (4) 60; b: (1) 5; (2) 10; (3) 15.
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average size of the a spherulites occur as a result of the accelera-
tion of the processes involving the crystallisation of the y phase
spherulites. It has also been noted that, whereas in the absence of
the field y spherulites of approximately equal size are obtained,
crystallisation in a field lowers the above homogeneity. The
intensity of the depolarisation in the scatterred light pattern is
also reduced, which has been attributed to the disturbance of the
radial disorder of the b axes of the y phase crystallites in the
spherulite under the influence of the field. The fact that disc-
shaped spherulites in which the radial direction is in the plane of
the film arise near the negative electrode indicates that the field
affects not only the processes involving the formation and growth
of the nuclei but also the secondary crystallisation processes
accompanied by the formation of a supermolecular structure.

This conclusion agrees with the results of a study227 which
confirms, in particular, the theoretical conclusion 224 that the field
has an inhibiting effect on the crystallisation of the ot phase.
However, results which cannot be predicted by the theory have
been obtained for y phase crystals. For example, it has been
observed that the nature of the morphology generated may
depend significantly on the configuration of the electrodes. An
increase in the rate of growth of y spherulites under the influence
of the field has been observed only for direct contact between the
specimen and both electrodes. In contrast to the results of Marand
et al.,224 disc-shaped y spherulites were formed near the positive
electrode. Experiments on crystallisation, where one or both
electrodes were blocked, showed that such conditions affect
appreciably the nature of the morphology produced. Appar-
ently, this can be most reasonably explained by the appearance
of local electric fields, arising due to the injection of carriers from
the metal into the polymer and captured by traps in the latter.

The VDF/TrFE copolymer exhibits ferroelectric properties
most distinctly. The structural transformations in an electric field
as a function of the number of triangular pulses applied to the
specimen have been investigated for this polymer.228 The ampli-
tude value of the field strength was 160 MV m"1 and the pulse
frequency was 0.001 Hz. For an isotropic specimen crystallised as
a mixture of the a, p, and possibly y phases, a virtually complete
a-»p transition was observed after only 6 - 8 pulses and the
residual polarisation and the coercive field also attained the
equilibrium values. Comparison of the temperature variations of
the principal reflections from two polarised specimens in the same
investigation made it possible to reach an important conclusion
concerning the role of the morphology in the stability of the
structure formed under the influence of the field. Isotropic and
uniaxially extended specimens were compared, the nature of the
X-ray diffraction by both being identical. The former crystallised
with formation of thick lamellar crystals with a thickness of
~0.1 um, while in the latter a typical fibrillar morphology with
the usual (~100A) longitudinal dimensions of the crystals was
observed. For isotropic specimens, the principal 200, 110 reflec-
tion of the P phase remains constant up to ~ 150 °C, while for the
oriented specimen its intensity begins to change appreciably above
70-80 °C. The above differences have also been confirmed
indirectly: the higher piezoelectric constant d of the oriented
specimen shows that the nature of the structural changes follow-
ing the application of mechanical loads differs significantly for the
isotropic and textured polarised films.

The nature and dynamics of the domain structure were
elucidated for the same copolymer (with the composition 65/35)
by determining on the real time scale the changes in the structural
characteristics during the ferroelectric switching of the speci-
men.229 The influence of the poling field strength, primarily on
the size of the p phase crystallites and on their perfection, has been
tested in relation to the oriented specimen. For this purpose, the
integral widths (B) of the 110,220 and 330 reflections, i.e.

were estimated for three specimens obtained by polarisation in 60,
90, and 200 MV m - ' fields. Here L\ ]0 is the transverse dimension
of the crystallite in the direction of the normal to the 110 plane, m
is the diffraction order, y= < d\ io > /duo the degree of defective-
ness of the second kind in the crystal, and duo the interplanar
spacing.

The analysis showed primarily that the main contribution to B
comes from the size of the crystallite, which increases from 19 to
39 run in the field change indicated above. The defectiveness of the
crystal was within the limits of 3% and tended to decrease
somewhat on poling. Data on the dynamics of the structural
changes in the transpoling of a nonoriented specimen, obtained on
the real time scale, are valuable and unique. The increase in the
electric displacement on switching the poling is accompanied by
characteristic changes in the parameters of the 110 reflection of the
polar p phase (Fig. 23). The intensity of the reflection at the
maximum as well as its integral intensity at the characteristic time
pass through a minimum, while the integral width passes through
a maximum. Evidently, the parameters of the above reflection
vary within the limits of several per cent and in a number of
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Figure 23. Time variations of the intensity of the maximum (a), the
integral intensity (b), the width (c), and the electric displacement (<t) of
the 110 reflection during the switching of the poling of the VDF/TrFE
copolymer.229
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instances their monotonic variation may be observed. The latter
presupposes a large contribution to processes responsible for the
characteristic features of the supermolecular structure. The nature
of the change of the integral intensity indicates the 180 ° rotation
of the chains on transpoling of the specimen, in contrast to the 60 °
model which is frequently employed.

The new reflections observed by Servet and Rault 230 and later
also by Newman and Scheinbeim 231 and Weinhold et al.232, which
could not be indexed in terms of the lattices of any of the known
polymorphic transformations, are important for the understand-
ing of the details of the mechanism of the structural transforma-
tions in PVDF under the influence of strong electric fields, more
detailed study showed233 that the reflections of the new super-
lattice in a specimen with the polar a phase are located in the
vicinity of the reflections characteristic of the P form: 110, 200,
001, and 111,201.

We discussed above a series of results indicating the existence
in the a phase of kink bonds, which are detected from the
characteristic features of the scattering in the vicinity of the
reflections mentioned above. Taking this into account, the
hypothesis was put forward that the reflections from the super-
lattice are reflections from ordered regions formed by aggregates
of the kink bonds. Thus the new form is intermediate between the
polar modification of the a phase and the P phase in the course of
the field-induced type a -»Op -» p" transformation. Calculations
showed that the probability of intramolecular rearrangements on
formation of the new form may depend significantly on the parity
of the number of bonds n passing to the 'planar zigzag' conforma-
tion when the conformation^ defects noted above are formed. As
an example, one may consider two schemes of transformations for
even and odd values of n:233

...TGTGTGTGTGTGTGTG...

...TTTGTGTTTGfGTTTG...
1

...TGTGTGTGTGTGTGTGTGTG...

...TTTTTGTGTTTTTGfGTTTT...
2

It may be said that the transformation in accordance with
Scheme 2 should take place preferentially compared with
Scheme 1. Indeed, whereas the rearrangements in the second
scheme are effected as a result of transitions of G or G bonds to
T bonds, in Scheme 1 there are in addition the transitions G -* G
and G -> G, which require the cooperative motion of the entire
chain. Fig. 24 presents two variants of the chain conformations
(with an odd number of bonds in the repeat unit) for the new form.
The presence of chain sections with the GTG conformation
between the bonds in the 'planar zigzag' conformation makes it
possible to regard the polar p phase and the new modification as
conformationally incommensurable. Fig. 24 shows that two
features are characteristic of the above superlattice. Firstly, the
identity period along the axis of the macromolecule is found to be
greater than for the P phase with the 'planar zigzag' conformation.
Furthermore, the appearance of a definite tilt angle for the axes of
the macromolecules forming the triclinic lattice is characteristic of
this superlattice.

Partly crystalline polymers, including PVDF, are known to
have a heterogeneous structure. The presence of a large volume
fraction of a nonordered phase complicates the molecular mech-
anism of the structural rearrangements in PVDF under the
influence of strong electric fields. The elucidation of the role of
the amorphous phase and of its microstructure in the above
phenomena should be the subject of separate investigations. A
series of experimental results indicating the nontrivial role of the
microstructure in the changes occurring under the influence of a
field are presented below. The paper of Sen et al.234, who described
a study of the influence of added plasticiser (tricresyl phosphate)
on the nature of the field-induced structural transformations,
should probably be regarded as the first communication of this
kind. Despite the fact that the plasticiser molecules should be

Figure 24. Molecular models for the conformations of the chains in the
PVDF superlattice.233

located predominantly in regions with an increased free volume,
i.e. in the amorphous phase, it was found that the plasticiser
influences significantly the characteristics of the polymorphic
transition which occurs particularly in the crystalline regions. In
plasticised PVDF, the a -* Op -> P transitions occur in the pres-
ence of appreciably lower fields than in the nonplasticised
polymer. As a result of this, the fraction of the P phase formed in
the plasticised PVDF is found to be higher almost by a factor of 2
under the same polarisation conditions. The accompanying
increase in macroscopic characteristics such as the residual
polarisation and the relative permittivity leads also to higher
values of the piezoelectric constants rfjt and e-i\. A qualitatively
similar result has been obtained also in a study235 where the
plasticiser for PVDF was poly(ethylene glycol).

Direct evidence for the important role of the nonordered
phase in the strong field-induced structural transformations has
been obtained in a study 16° where uniaxially extended VDF/TFE
94/6 copolymer films were investigated. It was shown that, in the
presence of high fields, hysteresis-type electric displacement and
switching current curves arise for the films. These characteristics
for two films with draw temperatures of 60 and 140 °C (for the
same draw ratio X = 4) may be compared in Fig. 25. Evidently,
the remanent electric displacements (as well as their maximum
values) differ appreciably. The current hysteresis curves also differ
significantly. Structural studies have shown that the above
copolymer forms the p modification with the 'planar zigzag'
conformation under the usual crystallisation conditions.32-160

However, taking _into account the increased concentration of
bonds in the TGTG and T3GT3G conformations of films oriented
at high draw temperatures,160 one may assume that the difference
between the current hysteresis curves is caused by the character-
istic features of the microstructure of the amorphous regions. This
confirms the small angle X-ray diffraction curves (in the meridio-
nal direction) for the same films (Fig. 16). The higher intensity of
the maximum for films with an increased draw temperature is
most probably due to the greater difference between the densities
in the amorphous and crystalline regions. If the p modification is
produced in all the films, then the foregoing finding must be
attributed to the less dense packing of the amorphous regions
along the direction of stretching. The characteristics of the
microstructure of the amorphous region affect the remanent and
maximum electrical displacement for field strengths in excess of
the critical values, where a remanent poling appears (Fig. 25). The
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Table 16. Physical characteristics of the VDF/TFE 94/6 copolymer films uniaxially oriented up to the draw ratio X = 4 at different temperatures.160

rd/°c R at different frequencies /cm" L/k n/N

60
80

100
120
140

470

17
15
14
7
6.7

490

1.8
1.7
1.6
1.2
0.8

508

3.4
3.3
3.1
2.3
2.1

600

3.0 88
2.9 120
3.1 189
2.6 221
1.4 189

78
84
98

113
102

0.102
0.082
0.049
0.049

Note. The following notation has been adopted: R — dichroic ratios for a series of specific IR bands; L — long period of the crystal; / — longitudinal
dimension of the crystal; n — number of chains per unit area in the amorphous phase; N—ditto in the crystal

increased response to the external field depends significantly on
the degree of orientation of the chain in the amorphous regions
(Table 16).

1.0 1.4 £ /mVcm-

Figure 25. The field dependences of the remanent (1-3) and maximum
(I1-?) electric displacements for films of the VDF/TFE 94/6 copolymer
uniaxially oriented at 60 °C (1,3, l\ 31) and 140 °C (2, A 1 6 3

The dichroic ratios at frequencies of 470, 490, and 600 cm~'
are attributed only to the amorphous phase, whereas at a
frequency of 508 cm"1 they are believed to be due to the 'planar
zigzag' conformers in both phases. Evidently the increase in T&
leads to a decrease in R for all the frequencies specified. At the
same time, this is accompanied by an increase in the size of the
amorphous gaps obtained in the form of the difference between
the long period and the longitudinal size of the crystal.

The decrease in size between neighbouring crystallites is
accompanied by an increase in the number of stressed chains
passing through them [tie-tough-chains (TTC)], which is indicated
by acoustic relaxation data.129 At the polarisation temperature (in
our case, this is 20 °C), the amorphous regions are in the rubber
state, i.e. their compliance is an order of magnitude higher than in
the crystalline phase. This means that the polar chains of the
amorphous phase should respond in the first place to the increase
in the external field strength. The presence of 'planar zigzag'
conformers, for which the transverse component of the dipole
moment is greater than for the TGTG and T3GT3G conformations
because the field strength vector is perpendicular to the surface of
the film, is of great importance in this connection. The TTC

regions may play a very important role in these phenomena, since
the same chain may enter into both regions mentioned above and
into the p phase crystal itself. As a result of this, the rotations in
the TTC chains arising under the influence of the field should be
transmitted also to the chains of the crystal, leading ultimately to
their reorientation as a whole.

Thus the response in textured films of PVDF and its copoly-
mers may be intensified by bringing them closer to the texture of
the 'ideal single crystal'. As has been seen, this requires a decrease
in the conformational heterogeneity along the chain, an increase
in the size of the noncrystalline regions, and an increase in the
fraction of the TTC within them.

Special attention must be given to the role of the texture in the
materials investigated. The creation of a definite texture in films of
the VDF/TFE 94/6236 and VDF/TFE 71/29237 copolymers,
which can be characterised by the average orientation, promotes
a decrease in the coercive fields and an increase in the residual
polarisation. The reason is probably that, when a texture is
formed, there is a tendency for the arrangement of the axes of
the macromolecules in the plane, which facilitates the interaction
of the field with the transverse component of the dipole moment,
rigidly linked to the main chain.

The role of the amorphous phase in ferroelectric response
phenomena can also be seen in relation to isotopic films. A
common feature has been observed in the copolymers having the
above compositions. For films with a lower degree of crystallinity
(this was inferred from the densities and relative permittivities)
lower coercive fields and hence greater remanent pollings were
noted.160-237 This was attributed to the greater compliance of the
amorphous phase chains and to the initiation of the intrinsic
ferroelectric polarisation in the neighbouring p phase crystals.

VII. The influence of irradiation on the structure of
poly(vinylidene fluoride) and its copolymers
The structural-chemical transformations in PVDF have been
investigated by spectroscopic methods.238 It was shown that an
increase in the radiation dose promotes the accumulation of both
vinyl - C H = CF2 (1715 cm-1) and vinylidene >C = CF2

(1750 cm"1) groups. Radiation-chemical processes occur more
often on irregularities than on ideal chains. Branches and 'head to
head' defects are included among the former. The fraction of
irregularities was estimated from high-resolution NMR spectro-
scopic data. At least two types of radicals, detected in the oriented
PVDF specimens, may correspond to the a and P modifications
present in such specimens. The appearance of intermediate species
(carbonium ions), which are manifested in the form of lumines-
cence peak on the temperature curves of radiothermolumines-
cence has also been detected.

According to empirical rules, chain rupture reactions should
predominate on irradiation in polymers with a structure of the
type (—CH2CR1R2—); on the other hand, mainly cross-linking
has been noted in PVDF chains. The ratio of the probabilities of
scission and cross-linking steps on y-irradiation has been esti-
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mated as 0.35, which leads to an increase in the gel fraction to 0.7
rupture for a dose of 10 Mrad.239 The hypothesis238 that the
dissociation and cross-linking reactions are linked, which should
be associated with the migration of a radical centre (charge) along
the chain to the location of the irregularity, has also been
confirmed by a study240 of the irradiation of PVDF by accel-
erated electrons. The sequences of another comonomer can also
serve as irregularities of this kind. Therefore, an increase in the gel
fraction in the copolymer of VDF and hexafluoropropene
compared with the homopolymer confirms qualitatively the
above hypothesis. Additives promoting the formation of a three-
dimensional network also play a significant role in cross-linking
processes on irradiation. This can be inferred from the increase
(other conditions being equal) in the gel fraction following the
introduction of a sensitiser into the irradiated PVDF.240-241

The form of the energy-carrying species is important for the
processes occurring on irradiation. For example, comparison of
data concerning the influence of irradiation by electrons and
protons on the strength characteristics of PVDF indicates a
significant difference between them. It was observed that, in
order to reduce the relative elongation at break by a factor of 2,
a proton flux smaller by a factor of ~ 20 than the electron flux is
needed.242 These results are related to the data obtained in a
study 239 where it was shown that irradiation of PVDF with y-rays
and a-particles leads to a significant difference between the initial
free radicals formed. The kinetics of the recombination of such
radicals also differ significantly: in the case of y-rays, the radicals
begin to recombine already above 77 K, whereas under the
conditions of a-irradiation, the radicals are stable up to 240 K.
The dependence of the concentrations of the above radicals on the
irradiation dose shows that fast recombinations takes place
immediately in the region of the tracks formed along the paths
traversed by the particles.

The nature of the radiation damage in the case of helium ions
may depend significantly on the energy of the incident particles
(for the range 0.4-4.5 MeV).243 For an energy of 0.4 MeV, the
helium ions, which have a path length of only 27 um, are
responsible for an 86% decrease in crystallinity relative to the
initial value, while the solubility of the irradiated specimen is
reduced by 76%. Such changes in characteristics have been
attributed to the probability of the formation of a hydrogen
atom, which may rapidly diffuse in space.

By following the dielectric relaxation process associated with
micro-Brownian motion in the amorphous regions of PVDF, it is
possible to refine the nature of the radiation-chemical transforma-
tions and their location. Thus a decrease in the intensity of the
above process for irradiation doses of 30-40 Mrad suggests that
cross-linking occurs in the amorphous regions, which results in the
creation of a definite steric hindrance to the reorientation of a
chain segment.244-245 The possible appearance of polyene chains
may give rise to an increase in the intensity of the process under
consideration for lower irradiation doses.245 It is believed that the
cross-links appearing on irradiation may be located not only in
particularly nonordered regions but also on the surfaces of
lamellae, since an increase in the irradiation dose lowers the
intensity of the a-process associated with motion in crystalline
regions.245 The observations of irreversible changes in dielectric
losses are of interest. After the cessation of irradiation, the latter
return to the initial values.244 This phenomenon may be associated
with the accumulation of carriers, which may than fall into deep
traps.

Studies on the structural changes occurring in PVDF and its
copolymers on irradiation began as early as the beginning of the
1980s but developed to a greater extent only in the last 15 years.
One may name a large number of studies in which it has been
shown that the degrees of crystallinity a of a series of polymers
increase for low irradiation doses.246"253 This behaviour is
common to crystallising polymers, including PVDF.254-255 The
nature of the above phenomenon has not been discussed by the
authors of the studies mentioned, so that analysis of the con-

formational changes in the chains of PVDF during its irradiation
may 'throw light' on this effect.256-257 On y-irradiation in air of
uniaxially and biaxially extended films of the PVDF homopoly-
mer, a weakening of the intensities of the bands associated with the
TGTG conformations and, conversely, the intensification of a
series of bands corresponding to the 'planar zigzag' conformation
were observed.256-257 This occurred predominantly in the range of
irradiation doses up to 50 Mrad, i.e. in the region where an
increase in the degree of crystallinity has also been noted. The
radiation-induced conformation^ rearrangements in PVDF
chains were most probably located predominantly in amorphous
regions of the polymer, since the intensities of the bands attributed
to the nonordered phase changed most significantly. This follows
from the fact that, after irradiation at a dose of 30 Mrad, the
intensity of the 470 cm"1 band increased appreciably at the
expense of the weakening of the 490 cm"1 Jsand. These bands
are attributed to the 'planar zigzag' and TGTG conformations of
the PVDF chains in the nonordered regions.257 The above finding
therefore indicates the possibility of conformational rearrange-
ments on irradiation. For a biaxially oriented film, this effect is
due to the most marked.256 The intensity of the 600 and 740 cm"1

bands, due to the particular amorphous regions in PVDF,
decreased after irradiation, which agrees with DSC data.256-257

The above results are to some extent correlated with the
conclusions reached in studies258-259 in which structural changes
in irradiated PVDF specimens were recorded by the X-ray
method. The authors of these investigations observed a series of
interesting effects due to the influence of large irradiation doses.
For example, it was shown that powders are more resistant to
irradiation than the film prepared from them, which was
accounted for by the role of oxygen. For specimens in various
polymorphic forms, an increase in the irradiation dose was
accompanied by a decrease in the order characteristics. However
the stability of the P modification proved greater than that of the a
modification. Whereas the initial specimens crystallised as the a.
form, at doses of 500-600 Mrad the a -+ P polymorphic transi-
tion took place.

The significant differences between the irradiation doses
inducing structural changes found by Kosmynin and
Gal'perin,258-259 on the one hand, and a number of other work-
ers,254"257 on the other, can be explained by the fact that in the
latter the changes concern predominantly the nonordered regions
(or regions adjoining the crystal), whereas in the former the
crystals proper were considered.

In the case of VDF copolymers with small amounts of added
TFE, the trend in the structural changes on irradiation becomes
similar to that for the homopolymer. This is confirmed by the
nature of the changes in the diffractometer traces for isotropic
specimens of the VDF/TFE 94/6 copolymer after irradiation with
doses up to 10 Mrad.115-116 After irradiation.the intensity of the
001 and 210,111 reflections increases, since the order in the above
directions is 'improved'. The broadened reflection at 26 = 18 ° is
due to the presence of highly disordered paraelectric phase in the
initial specimen. Therefore the decrease in the intensity of the
above reflection after irradiation can be explained by the partial
paraelectric-ferroelectric transition. More significant changes in
the structures of the above copolymers have been observed in
uniaxially extended specimens for which X-ray photographs were
taken in the meridional direction. The intensity of the amorphous
halo, adjoining the 001 reflection, decreased significantly after
irradiation under these conditions. These results are qualitatively
correlated with DSC and IR spectroscopic data.254"257

The initial copolymer specimens may be crystallised in a
definite metastable state where the crystalline phase consists
mainly of the paraelectric a phase117-118 characterised by the
020, 110, and 021 reflections. The structural changes in the
copolymer with increase in the irradiation dose are shown in
Fig. 26. For the initial specimen, the intensity of the 110, 200
reflection due to the ferroelectric p phase present was found to be
appreciably lower than that of the 110 reflection due to the a.
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0 15 20 25 20/deg

Figure 26. Dynamics of the variation of the diffractoraeter traces for
isotropic metastable films of the VDF/TrFE 94/6 copolymer after
y-irradiation.115-116

Irradiation dose (Mrad): (/) 0; (2) 1; (3) 10; (4) 48.

phase, where former is manifested by the presence of a shoulder
(on the side of larger angles) for the latter reflection. With increase
in the irradiation dose, the intensity of the p phase reflection rises
and for a dose of 10 Mrad, the reflection is fairly well resolved as a
consequence of the decrease in the half-width. On the other hand,
the increase in the dose to 40 Mrad leads to the equalisation of the
intensities of the above reflections due to the a and p phases, which
is manifested by some broadening of the resolved doublet. At high
irradiation doses, changes were noted also in the region of the 020
reflection (20 = 18.4 °) due to the a phase, where together with the
latter a broadened halo arises, indicating the appearance of
perturbations in the paraelectric phase. In conformity with the
foregoing and also in view of the increase in the intensity of the
intramolecular 201,111 reflection due to the ferroelectric p1 phase,
one may infer the radiation-induced a -> p transition.115-ns

The mechanism of the above structural transformations in
PVDF and its copolymers with TFE is most probably determined
by the ferroelectric nature of these polymers. The nature of the
changes in the 470 and 490 cm"1 absorption bands for the
uniaxially extended PVDF after irradiation agrees with those for
the film after treatment in a corona discharge.257 In the latter case,
the above conformational changes of the type TGTG -* (TT)n

occur under the influence of the field, including the field generated
by the surface layer of the injected charges and charges captured
by deep traps. The irradiation of PVDF is accompanied by an
appreciable increase in the dielectric loss factor, which can be
accounted for, with a high degree of probability, by the appear-
ance of additional free carriers.244 Bearing in mind the high
penetrating capacity of y-radiation, their concentration is on
average the same throughout the volume, in contrast to the
charges in the corona polarisation of PVDF, which are located
predominantly on the surface of the film. The decrease in the
conductivity of the PVDF films after the cessation of irradiation
may be associated with carrier recombination processes. How-
ever, bearing in mind their low mobility, capture by deep craps
must be regarded as a more likely cause. In the case of the strongly
polar ferroelectric P phase crystal, the carriers may be located on
charged planes.

Thus local internal fields, sufficiently strong to induce the
above conformational transformations, may be generated at these
sites. If one begins with this mechanism, then the location planes
(in isotropic specimens) are 201, 111, since the intensity of the
reflection from them changes most significantly.

The structural transformations under discussion may occur
via an epitaxial crystallisation mechanism where sequencies of the
chain in the TGTG conformation, undergoing a transition to the
'planar zigzag' conformation, may undergo additional crystallisa-
tion, producing neighbouring regions of the ferroelectric p phase.
This mechanism is supported by spectroscopic data, according to
which the above conformational transformations are manifested
most distinctly in films containing the crystals of the a and p
phases.256-257 Naturally, in structural modification processes
account must be taken also of the role of the chemical changes in
the PVDF chains on irradiation.

As mentioned above, the advantages of the cross-linking
processes occurring in the amorphous regions have been con-
firmed both by the nature of the decrease in the intensity of the
dielectric absorption for the micro-Brownian motion in the
amorphous regions245-260 and by the decrease in the coefficient
of thermal expansion of the lattice in the a and b directions in the
cell.261 However, the nature of the morphology, which is
extremely variable in such systems, may affect the ratio of the
yields of the scission and cross-linking reactions. Analysis of the
changes in the mechanical characteristics in PVDF and in its
copolymers with TFE on irradiation shows that in the oriented
state there is an increase in the fraction of tie-tough-chains in the
amorphous phase, in which degradation reactions should pre-
dominate although the polymer as a whole may remain in the
cross-linked state.262 The above significant change in the ratio of
the intensities of the amorphous halo and of the 001 reflection
after irradiation of a uniaxially extended specimen of the PVDF
copolymer also confirms the hypothesis put forward. Indeed, the
scission processes on the TTC should facilitate the thermal motion
processes in the remaining fragments, as a result of which they
may be incorporated in the neighbouring crystals of the P phase,
increasing their size and perfection in the direction of the 001
plane.

Copolymers of VDF with TFE in which the fraction of the
latter comonomer is low and its chemical structure is similar to
that of PVDF were considered in the studies quoted above. This
may explain the similarity of the behaviour on irradiation of the
above copolymers and PVDF.

Another object for which radiation-induced physicochemical
changes have been studied in detail is the copolymer of VDF with
trifluoroethene. In contrast to TFE, the latter has a structure
differing appreciably from that in the homopolymer. It may be
that this factor is one of the reasons why these copolymers behave
differently from the homopolymer and the VDF/TFE copolymer.

On y-irradiation of the VDF/TrFE 65/35 copolymer, it was
observed that an increase in the dose is accompanied by the
impairment of the structural characteristics.263 Thus irradiation
with a dose of 120 Mrad at room temperature of a specimen
consisting of the ferroelectric phase leads to its transition to the
paraelectric state, which may be inferred from the shift of the main
intermolecular reflection towards lower angles (Fig. 27). If the
crystal is in the paraelectric state, irradiation of the specimen is
accompanied by significant changes in the initial structure. The
ferroelectric-paraelectric transition becomes in this case more
diffuse and shifts towards lower temperatures. The latter has been
noted also on irradiation of these copolymers by accelerated
electrons.264

The results of experiments265"268 for the same copolymer but
with the composition 70/30 indicate a qualitatively similar
conclusion. Irradiation of thin films (7 um) with a beam of
electrons having an energy of 100 keV leads to a smooth
displacement of the Curie point with increase in the irradiation
dose towards lower temperatures, which, however, are always
found to be higher than the glass transition temperature.265 The
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Figure 27. The nature of the variation of the profile of the 200, 110
reflection due to the ferroelectric phase on ^-irradiation of the VDF/TrFE
65/35 copolymer.263

Irradiation dose (Mrad): (7) 120; (2) and (3) 60; (4) 0; (i), (i) and {4)
irradiation at room temperature; (2) irradiation at 120 °C.

experiments failed to confirm the conclusion 263 that more intense
processes, leading to the impairment of order, take place when the
crystal is in the paraelectric phase. According to the temperature
dependence of the internal friction, accelerated electrons convert
the copolymer into the amorphous form and lead to the accumu-
lation of defects in the crystallites.267

The last conclusion has been confirmed also by X-ray
diffraction data, which showed that an increase in the irradiation
dose induces a decrease in the packing density in both the
paraelectric and ferroelectric phases of the copolymer.266 At the
same time, it was established that, for the same irradiation dose,
more significant changes are noted for the paraelectric phase. A
new phenomenon has been observed: an increase in the energy of
electrons (from 100 keV to 3 meV) leads, under the conditions of
the same irradiation dose, to less significant decrements in the
melting and Curie points. It is believed that electrons with a higher
energy cause the preferential conversion of the copolymer into an
amorphous form, whereas particles with a lower energy are mainly
responsible for specific defects within the crystals. The decrease in
the average size of the crystallite, noted in such processes, is not
the main cause of the decrease in the melting and Curie points.268

The process involving a decrease in the energy of the dipole
interactions as a result of the increase in the concentration of the
double bonds and carbonyl and other new groups arising on
irradiation is believed to be more important. The decrease in the
melting and Curie points with increase in the irradiation dose is
fairly well described by a model taking into account the decrease in
the internal pressure.268-269

Thus one may see a significant difference between the radia-
tion-induced structural changes in the VDF homopolymer and in
the VDF/TrFE copolymer, on the one hand, and in the VDF/
TrFE copolymers, on the other. One of the reasons for this may be
associated with the chemical structure of the TrFE unit
(CH2CFH), which, in contrast to the TFE unit (CF2CF2), is
'chemically incommensurate' with the VDF repeat unit
(CF2CH2). The fact that the glass transition temperatures in
PVDF and TrFE (in contrast to PVDF and TFE) differ markedly
may be regarded as confirmation of this postulate.

Other causes of the significant differences in behaviour on
irradiation of the VDF/TrFE and VDF/TFE copolymers may be
associated with the fact that in the former the fraction of TrFE is

fairly large (30 - 35 mol %). A decrease in the latter (to 20 mol %)
does not alter the situation fundamentally, since radiation-
induced conformation^ rearrangements of the type
(TT)n -> TGTG and (TT)n -• T3GT3G have been noted in such
copolymers on irradiation with y-rays at doses as low as
1-10 Mrad. In the homopolymer, the opposite rearrangements
take place.256-257 Yet another cause of the differences may be that
all the VDF/TrFE copolymers were investigated in the isotropic
state, whereas the 'anomalous' behaviour on irradiation of the
homopolymer and VDF/TFE copolymer was noted in uniaxially
or biaxially oriented states. Copolymers in the latter states are
known to be metastable systems in which the role of internal
stresses may be manifested to a greater extent. It is noteworthy
that a more detailed study of the behaviour of the VDF/TrFE
copolymers at low irradiation doses is needed.

. Characteristics of the dynamics of the chains
in the block state of isotropic and anisotropic
poly(vinylidene fluoride) specimens

For the practical employment of PVDF films as the material of the
active element in energy transducers, it is necessary to know their
stable electrophysical parameters.3 This requirement cannot be
met without the knowledge of the characteristics of the molecular
mobility and of the mechanism of the relaxation phenomena in
films. Taking into account the high degree of heterogeneity of the
test materials, it is possible to obtain from the characteristics of the
molecular mobility information about the structural features of
the nonordered phase, which frequently cannot be achieved by
classical structural methods. In this section, attention is concen-
trated on the analysis of studies predominantly on the dielectric
relaxation of the test materials, since this method has recently
undergone a new development and proved very informative in the
analysis of the microstructures of PVDF-based blends.

As early as the beginning of the 1970s, when the valuable
properties of PVDF for practical purposes were not known, a
series of studies of the molecular mobility in PVDF copolymers by
the dielectric relaxation method appeared.270"272 This polymer
has a high dipole moment per monomer unit (7 x 10 ~ 30 C m) and
is superior to others as regards the glass transition temperature.
This in fact explains the great early interest in it and the high
information content afforded by the dielectric relaxation method.
The ferroelectric properties of these polymers, discovered subse-
quently, led to additional possibilities for the above method.270

The majority of investigators observed three or four types of
molecular motion in these compounds. In the a modification of
PVDF crystals, these are always four different forms of motion.
The forms of molecular mobility are usually designated as 8, y,
P(aa), and Oc(a).11

An example of the temperature variations of the real (e') and
imaginary (s") components of the complex relative permittivity in
PVDF for different electric field frequencies is presented in
Fig. 28. The two separate dispersion regions in order of increas-
ing temperature are attributed to P(ota) and a(Oc) relaxations. The
lower-temperature regions of the 5 and y mobilities are not seen,
but the nature of the variation of E' and e" in them is the same. The
generalisation of ideas about the mechanisms of the above types of
mobility can be more conveniently begun by the analysis of the
mobilities in the low-temperature regions (at temperatures below
the glass transition region of PVDF).

According to Sasabe et al.,274 the y mobility is described by the
Arrhenius equation with an activation energy of 2.1 kcal mol"1

and is determined by localised kinetic units. There are two
contradictory views concerning the location of such units. Thus,
according to Yano,273 they should be located in the amorphous
phase. However, in a later study 275 the contrary claim was made

II Here and henceforth double designations for relaxation are given, since
in the literature these processes are designated in different ways.
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experimental frequency dependences of e" correspond to those
calculated from the relation
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Figure 28. Temperature dependence of the components of the complex
relative permittivities &' (a) and e" (b) in the region of the p and a.
dispersions of PVDF.273

Frequency (Hz): (7) 10; (2) 100; (5) 1000; (4) 10 000; (5) 100 000.

that they should constitute crystalline regions. This was based on
the observation of a single low-temperature y-relaxation process
on VDF specimens in the a modification. The region of the 8
mobility is located near 50 K.276 A detailed study277 has shown
that the 8 mobility is due to the defects in the a phase lattice. This
conclusion was confirmed by the decrease in the intensity of the 8
mobility with increase in the degree of crystallinity as the
crystallisation conditions were varied. It is significant that this
mobility is generated precisely by the defects in the a phase. In
specimens of the VDF/TrFE copolymer, which crystallises as the
P modification, the above mobility was not observed.277

A similar conclusion was reached in a study276 where there
was no 8 process in the PVDF specimens with the p phase obtained
as a result of uniaxial stretching. At the same time it was noted that
a region of e relaxation is present in such specimens, occurring at
still lower temperatures (~20 K). The activation energy for this
process is ~1.9kJmol~ 1 , whilst that for the 8 process is
12.6kJmol~'. It has been shown that poling decreases the
intensity of the e process severalfold. This finding indicates that
the 8 process is associated with defects in the P phase lattice. The
activation parameters for the 8 and e relaxation and the tempera-
ture ranges where they are manifested differ significantly, so that
the defects in the lattices of the o and p modifications responsible
for the mobility under discussion are different.276

The curves for the temperature and frequency dependences of
e' and e" for one of the VDF/TFE copolymers have been
discussed.278 A characteristic feature of the p relaxation is the
increase in the loss factor to a maximum with increase in
temperature. The characteristics of this process in the above
copolymer are common also to PVDF (Fig. 28) and one may
therefore consider them in greater detail.

Analysis of the shape of the above curves shows that they are
described satisfactorily by the Williams-Watts equations.279 The

- a , - a " = ( « , -
n=\

, (13)

where i is an imaginary number, so and ex are the limiting relative
permittivities at low and high frequencies, p is the parameter of the
distribution of the relaxation times (1 > p > 0), T(« + 1) is the
gamma function, and T is the relaxation time. The temperature
dependences (in terms of the Arrhenius coordinates) of the
frequencies corresponding to the e" maxima are not linear and it
has been shown278 that they can be described by a modified
Williams-Lundell-Ferry (WLF) equation in the form proposed
by Brereton:280

(14)

where A, C\, Ci, and Ts are numerical constants.
The above form of the curve is characteristic of processes

occurring in the glass transition of polymer. The dispersion region
under discussion should therefore be associated with the micro-
Brownian motion of the chains in the nonordered regions. A series
of experimental facts may be regarded as confirmation of this
conclusion. For example, the intensity of the above process
decreases steadily with increase in the degree of crystallinity of
PVDF and its copolymers.273-274-281 The constant Tg in Eqn (14)
agrees with the point corresponding to the characteristic break on
the temperature dependences of the coefficient of thermal expan-
sion278 or the specific volume.281 The significant decrease in the
intensity of the micro-Brownian motion of the chains after
irradiation282 may also serve as confirmation of the validity of
the assignment of the above process.

Indeed, as shown above, irradiation is accompanied by cross-
linking predominantly in the nonordered regions, which should
lead to an increase in the steric hindrance to the reorientation of
the segments. The enthalpies AH and entropies AS of relaxation
are usually determined from the temperature variations of the
relaxation times. For the given process in PVDF with the a phase,
AH varies from 22 to 41 kcal mol"1 while AS varies from 50 to
120 e.u. in the temperature range from 3 to - 3 0 °C.273 Taking
into account these values as well as the enthalpy of vaporisation
for a monomer unit, equal to 3.8 kcal mol~', it has been found 273

that the number of repeat units in the kinetic segment is 23.
The presence of crystalline regions in the bulk of PVDF may

give rise to a difference in the relaxation behaviour in the vicinity
of Tt compared with that in purely amorphous polymers. The
significant difference (by almost 30 °C) between the experimental
TB ( -38 °C) and its value calculated by the WLF equation
(—67 °C), whilst in the amorphous polymers the difference is
5-6 °C, may be regarded as confirmation of this finding. The
reason for the appearance of this difference may be that, as the
amorphous polymers approach the equilibrium glass transition
temperature, the size of the cooperatively rearranged region
should approach a microscopic size, whereas in the crystallising
polymers it should be restricted to the size of the nonordered
region between crystallites. The same anomalies in the glass
transition have been explained280 by the influence of the local
field effects (allowance for the correlated motion of dipoles).

In order to discover the reasons for the observed increase in
s"max with temperature in the region of the P(aa) dispersion,
Nakagawa and Ishida283 modelled this type of mobility. It was
found that the increase in «"„,„ mentioned above is associated
with the increase in the absorption Ae = «o — £oo. It was shown in
relation to two specimens (quenched and annealed) that Ae passes
through a diffuse maximum in the temperature range 30-80 °C.
General relations yield
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3kT
(15)

where N is the number of repeat units, n2 the mean square of the
effective dipole moment per monomer unit, £ the local field factor,
fc the Boltzmann constant, and IT the absolute temperature.

Calculation of Jl2 on the assumption of an Onsager internal
field showed that all its values are higher than /i2, (Mo = 1.93 D is
the dipole moment of difluoromethane). The quantity /J2 was
expressed in the form ju2 = (J^/rh)gn, where /is is the dipole
moment of the 'segment' containing ns repeat units and gn is the
correlation factor. For gn > 1, the correlated motion of neigh-
bouring dipoles takes place in the nonordered regions and in fact
may be responsible for the characteristics of the relaxation
behaviour in the vicinity of the glass transition region.280 The
passage of Ae for the p relaxation considered through a maximum
is known to be characteristic of order-disorder transitions, in
particular of the ferroelectric-paraelectric transformation in the
test systems. The latter occurs in the crystalline phase of PVDF
and its copolymers. However, the observation of the above
dielectric anomalies, for example in highly polar vinylidene
cyanide/vinyl acetate copolymers, shows284 that in the amor-
phous phase of such systems there may be regions with an
intermediate form of order analogous to that observed in
polymeric liquid crystals. If it is assumed that a definite propor-
tion of the amorphous phase of PVDF is in the nematic phase, the
local nematic-isotropic liquid transition will be accompanied by
the dielectric anomalies noted above.

A reasonable interpretation of a large number of new
experimental data for crystallising polymers nevertheless requires
ideas concerning the existence of regions with an intermediate
order. It may be that the detection of the isotropic and anisotropic
components of the amorphous phase in the VDF/TFE 94/6
copolymers constitutes a confirmation of the above hypothe-
sis.115 The above change in the average interplanar spacing in the
sections of the anisotropic phase noted above most probably
indicates the occurrence of the postulated nematic-isotropic
liquid transition."7 The similar postulated transition in the
amorphous component of the PVDF with the a phase is signifi-
cantly more diffuse and is displaced towards lower temperatures
compared with the transition in the VDF/TFE copolymer.283 This
can be explained by the higher fraction in the latter of segments in
the 'planar zigzag' conformation than in the VDF homopolymer.

Indeed the modelling of the dynamics of the chains in the
amorphous phase of PVDF shows that the best agreement
between the calculated and experimental temperature variations
of n2 is observed^ only if the neighbouring segments in contact are
in the GG or GG conformations.283 If the dipole interactions are
decisive in the establishment of the above order, it is possible to
find an explanation of the lower transition temperature in the
homopolymer 283 compared with the VDF/TFE copolymer.117''18

When neighbouring segments are in contact, the transverse
component of the dipole moment relative to the axis of the
macromolecule is limiting. The transverse component of the
dipole moment of the segments with the GG and GG conforma-
tions is known to be smaller than that for the segments with the
predominant 'planar zigzag' conformation (as in the VDF/TFE
copolymer). Accordingly, the lower energy of the interaction in
the former does actually lead to a displacement of the transition
under consideration in the homopolymer towards lower tempera-
tures.

Since the packing of the chains in the amorphous phase is less
dense than in the crystal, the presence of a free volume in this
phase is postulated. The role of the latter for p-mobility processes
may be traced, for example, from the significant increase in the
relaxation times in the VDF/TrFE 73/27 copolymer with increase
in pressure.285-286 The free volume causes the displacement of the
end groups into the amorphous phase and various kinds of
chemical perturbations in the .chain (branches, etc.) on crystal-
lisation of PVDF. This can explain the changes in the width of the

relaxation times spectrum and in the effective dipole moment per
monomer unit in PVDF obtained by the emulsion and suspension
polymerisation methods.62

As the glass transition temperature is approached, the
frequency dependences of E" are greatly broadened. The role of
the free volume effects in such broadening has been investigated in
a series of studies.287"291 It was postulated that the relaxation time
T obeys the Dolittle equation:

lnT = lnT0+-7 .

Here/ is the fraction of the free volume:

(16)

(17)

where a/ is the temperature coefficient of the increase in the free
volume. Under these conditions, the frequency dependence of e"
can be described by the function

(18)

where s/[co, r(f)] is the loss factor corresponding to the segments
with the free volume fraction / and F(/) is the normalised free
volume distribution function. The latter was specified in the form

(19)

where/i is the minimum volume and X the parameter of the width
of the distribution.

Comparison of the calculated and experimental relations
E"(<M) shows that, at temperatures approaching the glass transi-
tion temperature, the significant broadening of the curves is
determined in the first place by the free volume distribution
effects whereas at higher temperatures account must also be
taken of the distribution of the relaxation times.

Textured PVDF films are usually employed in practice. From
the analysis of the influence of, for example, uniaxial stretching on
the nature of the micro-Brownian motion in the nonordered
regions, one may formulate general relations.272-281-292 In all
cases the uniaxial stretching process did not lead to an appreci-
able alteration of the relaxation times, but the total absorption Ae.
increased steadily. This implies [in conformity with Eqn (15)] an
increase in the effective dipole moment per monomer unit. There
may be several causes of the increase. In a textured film, the chains
in the amorphous phase assume a definite preferred orientation,
which can be inferred, for example,, from the appearance of the IR
dichroism of the 600 c m - 1 absorption band, which is sensitive to
the presence of the amorphous phase.129 In this case the quantity
3kT in Eqn (15) for the isotropic film should be reduced when
account is taken of the anisotropy in the disposition of the chains
in the amorphous phase. Another cause, apparently decisive, is
that the conformation of the sequencies of the chain in the
amorphous gaps may change in the oriented state. The prob-
ability that chain sections entering into the region of higher local
mechanical stresses will pass to the 'planar zigzag' conformation
increases. The sequencies of the TTC mentioned above apparently
constitute the 'limiting case' for the scheme mentioned above,
since increased mechanical stresses cause their transition to the
'planar zigzag' conformation.160

For an anisotropic film, one may speak of three components
of the relative permittivity. Under the usual conditions of the
measurement (electrodes deposited on the surface of the film), one
should be dealing with the component 833 if the direction 3
coincides with the normal to the surface. If the chain of a textured
amorphous phase is located predominantly in the plane of the
film, then the values of £33 depends significantly on the transverse
component of the dipole moment. As mentioned above, this
component for the chain sequencies in the 'planar zigzag'
conformation is greater than for the sequencies with the TGTG



898 VVKochervinskii

conformation. For this reason, the increase in Ae in the textured
films agrees with the increase within the plane of the films in the
number of chain sections of the amorphous phase in the 'planar
zigzag' conformation. Evidently data concerning the anisotropy
of the dielectric desorption in die regions of the P dispersion for
specimens of uniaxially extended PVDF may serve as confirma-
tion of this correspondence.293 After drawing, the specimens were
cut out in a way such that in one case the electrodes were located
perpendicular and in another parallel to the draw axis. It was
found e"max in the region of P relaxation is almost three times
greater in the second case than in the first.

The high-temperature a(otc) relaxation process is unambigu-
ously associated with motions in the PVDF crystalline phase. This
has been confirmed by the observation of the a(oio) mobility in
crystalline mats 275 and also by the increase in the intensity of the
above process with increase in the degree of crystallinity.274 The
majority of investigators assume that this mobility occurs pre-
dominantly in the a modification of PVDF crystals. This is based
on numerous data showing that, in specimens where the a and P
phases coexist, an appreciable decrease in the intensity of the a(<Xc)
relaxation is observed.273-281'292 Furthermore, there is evidence
that this process is altogether absent from PVDF specimens
obtained in the y phase,294 while in the PVDF copolymers,
where the a phase is usually not formed, it is extremely weak.278

There exists also a communication,295 which unfortunately has
been confirmed by only one other investigation,296 stating that in
specimens with coexisting a and P phases two a(occ) relaxation
regions are observed. The low-temperature region is attributed to
the motion of the chains in the crystals of the a phase, while the
high-temperature region is attributed to relaxation in p phase
crystals.

Analysis of the above studies shows that in all cases the
relaxation times are described by Arrhenius equations and the
activation parameters are characterised by the quantities
AH = 24 kcal mol"1 and AS = 23-26 e.u.273-281 Detailed ana-
lysis of the characteristics of this process shows that they may
reflect fine details of the microstructure. For example, it has been
observed that the increase in the fraction of 'head to head' defects
in PVDF chains reduces the intensity of the a relaxation.273 The
thickness of the lamellae in the above process affects the mobility
parameters: an increase in thickness is accompanied by an increase
in mobility.273-283 Annealing, which usually leads to the thicken-
ing of the lamellae, is also accompanied by an appreciable increase
in the average a relaxation times.283 One of the characteristic
features of the process is that it exhibits anisotropy. The results of
three different studies293'297-298 indicate unambiguously that,
when the field vector £ is arranged perpendicular to the draw
axis, the intensity of the process is higher than in the case where
these directions coincide.

The mechanism of the processes in the above dispersion region
has been discussed in greatest detail by Nakagawa and Ishida283

and Myjamoto et al.298 In the first study, the discussion began
with the postulate that motions of two types are possible in folded-
chain crystals: the motion in the surface itself (loops and other
defects) and rotation of the chain (or of its section) in the bulk
phase with a small longitudinal displacement. The number of
monomer units in the fold («f) was estimated from the thickness of
the lamella using electron microscope data. It was found that, for
the range nt= 50-130, the reorientation frequencies of the
moving segments varied linearly. It was therefore concluded that
the rigid rod approximation used in the study is correct for the
kinetic unit. Comparison of the calculated and experimental
relations shows that the enthalpy of activation for the above
transition is determined mainly by the fold in the chain. Analysis
of the experimental As(T) relations enabled the authors298 to
conclude that the rotations of sections of the lamellae within the
crystal make the dominant contribution to a relaxation, but with
the stipulation that motion within the folds cannot be fully
excluded under these conditions. The chains in the folds are
more mobile than within the crystal, but the contribution of the

latter to the process is decisive because of the high resultant dipole
moment.

The above studies 293'297-298 confirm the conclusion that the
chains in the internal regions of the crystal make the main
contribution to the a-relaxation process. Indeed, after orienta-
tion, the normal to the surface of the folds coincides with the draw
axis. Under these conditions, the inner chains of the lamellae are
arranged at right angles to the direction of orientation. Taking
into account the fact that the perpendicular component of the
dipole moment of the PVDF chain in the TGTG conformation is
greater than the parallel component, the absorption when the field
is applied perpendicular to the draw axis should be more intense,
which has in fact been observed.293-297-298

The mechanism of the a relaxation has also been considered
by Myjamoto et al.298 with the aid of the same two positions
model. Using the dependence of Ae on the angle between the field
vector and the stretch direction and having assumed that the
longitudinal component of the dipole moment /m varies, the
authors obtained a reasonable explanation of the relations noted
above. Conformational analysis_shows that such a case may
occur, for example, in the TGTG -* GTGT transition within a
section of the lamella. This transition is possible, since even when
account is taken of the activated state (in the form of the 'planar
zigzag' conformation), which requires a 10% deformation along
the axis of the macromolecule, the change in the conformation is
then local and significant translational migrations of the chain as a
whole are not required. Despite the fact that the fluorine atoms
should move in such conformational transition along the c axis,
the packing of the chains_along the a and b axes changes little. The
mechanism of the TGTG -»GTGT conformational change pre-
supposes the existence between chain sequences with different
conformations of a defect (of the 'head to head' or conformational
type), which may migrate along the chain as a result of thermal
excitation and may induce a change in the dipole moment
component ui i.

According to another model, the position of the defect within
the chain is fixed and the initiation of the above conformational
transformation begins on the surface of the lamella as a result of a
'wormlike' excitation and is then transferred to another surface. In
both models, account is taken of the important role of chemical
defects, although the importance of conformational defects is not
denied. It is assumed that with the aid of the latter one can explain
a series of 'anomalous' effects in the characteristics of the a
relaxation. Thus, when the relaxation times of the above process
were compared for two specimens (isotropic and oriented), it was
observed that, although in the former case the long period (and
tentatively also the thickness of the lamella) is greater than in the
latter (150 and 135 A respectively), the relaxation time in it is an
order of magnitude shorter than in the latter. It is assumed that,
owing to the uniaxially stretching, the concentration of conforma-
tional defects changes in the second specimen and these in fact
influence the rate of the relaxation processes. The proposed two
positions model begins with a single relaxation time, whereas
experiments yield a distribution of times. This discrepancy may
vanish if account is taken of the distribution of the lamellae with
respect to thickness and also of the distortions in the form of the
potential energy function as a result of the presence of defects.

When a relaxation was observed in the region of high
temperatures, usually at low frequencies of the electric field,
anomalously high values of the s'and e" components were noted.
This has been attributed to the influence of impurities causing high
losses due to dc conductivity. It was observed that they can be
significantly reduced by maintaining the PVDF specimens at
elevated temperatures in an electric field, where electrolytic
processes take place.299 An increase in the electric field strength
accelerates the decrease in the above conductivity during the
electrolytic process. The imposition of a ~ 2 0 - 3 0 k V c m ~ 1

electric field lowers the values of s' at high temperatures, this
being manifested to the greatest extent at low frequencies.299 After
the field has been switched off, the increased conductivity is partly
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restored. Nevertheless, it has been shown that, in cases where the a
process was masked by losses due to dc conductivity, annealing of
the specimens subjected to the field made it possible to observe the
above process distinctly. Experiments with mercury electrodes
showed that calcium ions make a large contribution to the
ionogenic impurity conductivity.299

For theoretical justification of the above experimental facts, it
has been suggested 30° that the experimental e' and s" each have
two components:

£' = 8( + 4 , (20)

6"=«r+^, (21)
where the components with subscripts i and p denote the
contributions of the ionic impurities and the polymer itself
respectively. Taking into account the fact that only some of the
impurities dissociate, their contributions to the components of the
complex relative permittivity are defined by the relations 30°

e" = AaTm, (24)

where vo is the concentration of mobile ions, / the thickness of the
specimen, q the ionic charge, Do the diffusion coefficient of the ion,
/ t h e field frequency, E& the activation energy for the diffusion of
the ion, and Wthe ion dissociation energy.

Taking into account the relations obtained, a series of
quantitative characteristics were found for the ionogenic impur-
ities in PVDF. Thus at 160 °C the diffusion coefficient proved to
be Do = 4.36 x 10~7 cm2 s~ \ which (on the assumption that the
ions are univalent) corresponds to their mobility \i =
1.2 x 10~5 cm2 V - 1 s - 1 (n = qDo/kT) and the concentration
vo = 6.8 x 1014 cm~3 (at a concentration of monomer units of
1.7 x 1022 cm~3). The activation energies for the dissociation of
ions and their diffusion have been estimated as 342 and
34 kcal mol"1 respectively. An interesting fact was noted: pro-
longed (10 days) annealing at 160 °C of PVDF specimens leads to
an appreciable decrease in the contribution of the ionic impurities
to the low-frequency dielectric characteristics.

The anomalously high values of e' and s" at low frequencies in
the region of fusion of the PVDF a phase crystals have also been
noted by Yano et al.301 It was shown that there is a sharp fall of s'
and an increase in E" in the range 153-155 °C (according to DSC
data the melting point is 157 °C). Analysis of the conductivity in
this system before and after fusion indicates significant differ-
ences. In particular, the independence of the conductivity of the
electric field frequency was noted for the melt. It was proposed
that the melt be regarded as a homogeneous medium and that the
nature of the conductivity in it is similar to that in an electrolyte
solution. In this case, the dielectric parameters depend on the
characteristics of the electrical double layer at the electro-
lyte-electrode boundary and Eqns (22) and (23) should be valid.
According to the equations, the conductivity should be frequency-
independent and the relations between ej- and lg/ should be
characterised by a coefficient of 3/2. Interpretation of the
experimental data confirmed the validity of the chosen model:
the conductivity indeed proved to be frequency-independent and
the above coefficient was close to the predicted value, namely
1.67 -1.79. At temperatures below the melting point, the homoge-
neous medium model was not confirmed. This may be inferred if
only from the fact that the conductivity proved to be a function of
the field frequency. The correct interpretation of experimental
data can be achieved if account is taken of the differences between
the values of e' and of the conductivities of the crystalline and
amorphous regions.

Similar anomalies in the behaviour of e' and e" in the fusion
region have been observed also on VDF/TFE copolymers.278 The
loss factors in this region vary in accordance with the law

where A is an empirical constant and m is a constant which varied
in the range 0.3-0.5 as a function of temperature and the
conductivity of the specimen. Eqn (24) is characteristic of the
polarisation of the space charge of ionogenic impurities302 and it
too confirms the necessity to take into account the heterogeneity
(in terms of the electrical characteristics) in systems based on
PVDF at elevated temperatures.

The Maxwell-Wagner polarisation process under discussion
has also been detected in uniaxially extended PVDF films3O3 and
its characteristics (mainly the loss factor at the maximum) proved
to be extremely sensitive both to the phase ratio in PVDF and to
the state of orientation of the chains in its nonordered regions. It is
noteworthy that the characteristics of the electrical heterogeneity
for the ordered and nonordered regions have been found to be
sensitive to the polarisation process in the corona discharge, since
under these conditions the intensity of the interlayer polarisation
process diminishes significantly.303

This process has been investigated in greater detail in a
study304 where the high-temperature transition a -> y was con-
sidered. If the crystals are obtained in the y modification, the low-
frequency dependences of e' are found to differ significantly from
those for the care where PVDF crystallises as the a phase
(Fig. 29). Indeed, in the former case the values of e' at low

lg(/7Hz)

Figure 29. Frequency dependences of the high-temperature relative per-
mittivity for PVDF films crystallised as the y modification (1) and the a
modification (2) at 160 °C.304

frequencies are significantly higher and do not obey the law
6' (f-i/2)t as happens in the case of a PVDF. As already
mentioned above, this law is characteristic of electrode polarisa-
tion and this mechanism is therefore inapplicable to crystals of the
PVDF y phase. This conclusion is confirmed also by the depend-
ence of e' for PVDF films in both modifications on the thickness of
the specimen (Fig. 30). Evidently, in the case of crystals of the a
modification an explicit dependence of«' on thickness is observed
(which is characteristic of electrode polarisation, whereas for films
with the y modification e' remains approximately constant. The
interlayer (Maxwell -Wagner) polarisation mentioned above may
serve as another possible explanation of the observed relaxation
process with an activation energy of 627 kJ mol"1 . For spherical
crystals with a conductivity 02 and a relative permittivity 82,
immersed in an amorphous matrix with the corresponding values
of <TI and 81, the frequency/of the loss maximum can be found
from the equation 305

2(2<7, + <T2)

2e,
(25)
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Figure 30. Dependence of the high-temperature relative permittivity on
the thickness of PVDF films crystallised as the y modification (1) and the a.
modification (2) at 165 °C.304

Frequency (Hz): (1) 0.2; (2) 0.1.

Since the y phase crystals have an uncompensated dipole moment
per unit cell, <7i>(72 and S2>«i and Eqn (25) may be replaced by

/ = ^ . (26)

The equilibrium value 1.5 x 10~10 £2~' cm-1 , obtained after 15-h
maintenance of the specimen at 185 °C in a 400 V cm~ • field, was
used as ff i. The frequency/calculated by Eqn (26) is 0.6 Hz, which
differs by more than two orders of magnitude from the experi-
mental value.

The possibility of orientational motions of the y crystals as a
whole was considered as an alternative mechanism of the high-
temperature relaxation process mentioned above. This is based on
the linear dependence of s ^ for the process on the heat of fusion
of the y phase crystals (DSC data), which indicates that the
magnitude of the absorption is determined mainly by the volume
fraction of the y phase crystals. The possibility of the motion of the
crystals as a whole in this process does not lack justification.
Indeed, with increase in the long period (linked directly to the size
of the crystalline lamella), the maximum of the mechanical loss
modulus shifts towards higher temperatures. Finally, yet another
argument in support of the hypothesis that the crystal moves as a
whole follows from estimates As by Eqn (15) using the experi-
mental numbers of monomer units per kinetic unit. It proved to be
6 x 103 repeat units. This number exceeds by more than an order
of magnitude the number of monomer units in a lamella of the
usual size (~ 102 units). Osaki at al.304 does not discuss the reason
for this discrepancy but the latter may indicate the involvement in
the given transition of motions accompanying a ferroelec-
tric-paraelectric transition in which cooperative effects should
prevail.

Indeed the above relaxation region is in the vicinity of the
melting point, where a ferroelectric-paraelectric transition has
been postulated for the VDF homopolymer in a polar form (as in
the given instance). The relation between the mobility in the
crystalline phase and the motions in a ferroelectric transition
may be inferred from the nature of the temperature variation of
the dielectric parameters in the VDF/TrFE copolymer, which is
known to be ferroelectric306 and for which the temperature of the
above transition differs from the melting point. Here too one
observes a high-temperature mobility in the crystalline phase,
which is characterised by high values of Ae. Analysis of the
temperature variation of the latter shows that its increase with
increasing temperature represents the onset of the anomalous rise
in Ae in the region of the ferroelectric transition.306

Mention should be made of the results of a study 3O7 of the
mechanism of the high-temperature relaxation in PVDF. The low-
frequency dielectric characteristics of PVDF films with ot-phase
crystals were investigated. Here attention was concentrated on the
role of the material of the electrodes. Aluminium and gold, for

which different temperature variations of the components of the
complex conductivity had been found, were employed. The
authors explained the highly intense tan 5 maximum (amounting
to 12-25!) at low frequencies by the manifestation of the space
charge at the material-electrode interface. However, in contrast
to other investigators, they believe that the majority carriers are
the F~ and H + ions. This presupposes the presence in the bulk of
the film of a finite number of HF molecules which should be partly
dissociated. This hypothesis is confirmed by a whole series of
facts. For example, one of them is that the presence of excess
fluorine has been observed in the bulk of PVDF by the method of
reverse Rutherford scattering.307 A finite number of the
(—CH = CF—) groups have been found in the initial state of
different PVDF films from the characteristic IR absorption
bands. Such groups may be formed by the reaction

(-CH2-CF2-) HF + (-CH=CF-),

initiated by thermal energy or irradiation.300 A sufficient amount
of HF may be formed by this reaction already at ~ 60 "C.309 Thus
taking into account the presence of the H + and F~ ions in the
bulk phase, the low-frequency tan 8 maximum should be attrib-
uted to the behaviour of these ions in a variable electric field.307 It
is believed that the mobility of the hydrogen cations is significantly
greater than that of the fluoride ions, so that the former
accumulate near the negative electrode at ultralow frequencies,
creating a space charge, which is in fact responsible for the
relaxation process under discussion.

The less mobile fluoride ions are captured by traps, but their
role may vary significantly for different electrode materials. If the
electrode material is aluminium, then, under the influence of the
combined action of a high temperature and a weak variable field,
the fluoride ions, having reached the electrode, may diffuse into
the latter. This is confirmed by the detection of fluoride ions in the
surface of the electrode after the application of the combined
influence mentioned above.307 X-Ray photoelectron spectro-
scopic data demonstrate that the fluoride ions which have
migrated into the electrode can react with the aluminium atoms
to form new compounds.310-311

Thus analysis of data on the high-temperature relaxation
shows that the mechanism of the above processes may be fairly
complex. A number of workers have noted the dependence of its
characteristics on experimental parameters such as the magnitude
and duration of the effect of the field.312

Information about the relaxation process can be obtained by
the method of thermostimulated depolarisation currents, with the
aid of which processes involving local and segmental mobility at
low temperatures can also be detected.313 Above room tempera-
ture, it is possible to detect even two interlayer polarisation
processes. One of them (the low-temperature process) is attrib-
uted to the formation of a space charge at the boundaries between
the amorphous phase and the nonpolar crystals of the a modifica-
tion, whilst the other 'senses' these boundaries with the polar (P,
<xp) modifications.314-315 In a later study316 on specimens with
crystals of both the polar and nonpolar phases, only one relaxa-
tion process, associated with the space charge, was detected.
However, at high temperatures three additional current maxima,
the temperatures of which are correlated with the melting points of
the a, p, and y modifications of the PVDF crystals, were noted.

Despite the high information content of the electrical methods
for the assessment of relaxation process, there have been a number
of studies where it was shown that certain forms of mobility in
PVDF are inactive. For example, according to the results of
McBrierty et al.,317 the relaxation process, associated with the
motion of the folds on the surface of the lamellae and noted in
experiments on dynamic mechanical relaxation by the dielectric
method, was not observed. A similar conclusion was reached in a
study318 where two mechanical relaxation regions (ai and ofe)
were found in all the PVDF specimens (isotropic and oriented
with the crystals of the a and p modifications) at high tempera-
tures, the higher-temperature region (012) being assigned to the
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motions preceding the fusion of the crystal. It follows from the
results of the study that the mechanisms of the relaxation in
mechanical and electric fields in the region of the glass transition
of the oriented specimens may differ. This is indicated, in
particular, by the finding that, in a mechanical field, the f$ process
is more intense in the case of a parallel disposition of the force
vector and the orientation axis,318 whereas in an electric field the
opposite behaviour obtains.293-297

An attempt has been made at a detailed comparison of the
relaxation processes in PVDF and polyethylene on the basis of the
results obtained by mechanical spectroscopy.319 In the region
lying below the glass transition temperature, two relaxation
processes (yi and y2) were observed in polyethylene, their para-
meters being close to those of the y and 8 relaxation processes
(discussed above) obtained by dielectric measurements. A reason-
able agreement between the activation energies and the normal-
ised relaxation time spectra for the processes in both polymers
made it possible to postulate that the mechanisms of the y and 8
processes in PVDF are similar to those of the yi and y2 processes in
polyethylene. According to the results of Yamada et al.,320 the yi
relaxation should be attributed to the local modes of motion of the
nonordered chains in the interlamellar regions, whilst the lower-
temperature relaxation region (y2) should be assigned to the
motion in the surfaces of the lamellae.

The same situation occurs also for the region of the high-
temperature a relaxation of PVDF, for which the normalised
relaxation time spectra agree well with those for the ot2 relaxation
in polyethylene. The similarity in the relaxation behaviour of
PVDF and polyethylene is also supplemented by the fact that two
transitions (<xi and 02) can be noted in the high-temperature region
for both polymers.319

IX. Structural characteristics in the crystallisation
of poly(vinylidene fluoride) in blends with other
polymers
Examination of the questions associated with the structural
characteristics in the crystallisation of PVDF in blends with
other polymers will be useful for a number of reasons. One of
them is related to the possibility of supplementing and expanding
the ideas concerning the characteristic features of the modification
of the structure and properties of polymer blends in which one or
both components are crystallisable. By crystallising PVDF in
blends with other polymers, it is possible to regulate specifically
the conformational structure of its chains, which is important in
the practical employment of PVDF-based materials for piezo-
electric and pyroelectric sensors. The possibility of the modifica-
tion in such blends of the morphology and optical properties of
PVDF is regarded as their additional advantage when they are
used as materials with nonlinear optical properties.

Since the blends of PVDF with polymethacrylates have been
studied in greatest detail, it is more convenient to begin the
analysis of the results precisely with studies in which these blends
were investigated. The orientation process in polymeric materials
is frequently used to impart improved mechanical properties to
the latter. For PVDF, this process is frequently used also for the
formation of the ferroelectric P phase, which determines practi-
cally important phenomena such as the piezoelectric effect and the
second-order optical nonlinearity. However, the orientation of a
polymeric material is accompanied by the appearance of birefrin-
gence An, the magnitude of which is determined by the difference
between the refractive indices along (nj) and across (/12) the
direction of stretching. When a textured material is used for
optical elements (windows, discs, lenses, etc.), the birefrigence
effect is undesirable. One of the possible ways of suppressing this
effect has been noted in relation to blends of atactic poly(methyl
methacrylate) (PMMA) with PVDF. Such blends are known to be
compatible in the melt and cooling of the latter affords a
homogeneous optically transparent material.320 When the com-

position of the blend was varied, it was shown that the refractive
index of the isotropic phase varies linearly with increase in the
fraction of PVDF.321 This follows from the Lorentz-Lorenz
relation for multiphase mixtures, in which the characteristic
dimensions of the regions corresponding to different components
are smaller than the light wavelength. PVDF is present in a partly
crystalline state and is characterised by the densities
pc = 2.0 g cm~3 and pa = 1.6 g cm~3 in the crystalline and
amorphous states; the refractive indices of these phases have
been estimated as nc = 1.48 and na = 1-37. The value of nc for
PVDF is close to that for the amorphous PMMA (1.49). There-
fore a decrease in the light scattering effects and an improvement
of transparency compared with pure PVDF are to be expected for
crystallisable PVDF/PMMA blends with a high content of the
first component.

The effect of the deformation-induced birefringence has been
observed on noncrystallisable blends with a PVDF content not
exceeding 60 mass %. In this case An proved to be a linear
function of the draw ratio X, the slope of which depended
significantly on the composition of the blend. In the PVDF/
PMMA 40/60 and 20/80 blends, An was surprisingly low even
for high draw ratios. The reason for this may be found by
analysing the dependence of An on the composition of the blend
for X = 2 (Fig. 31). For a certain composition of the blend (for
X - 2, this is a blend having the composition 17/83), An proves to
be zero. A further decrease in the PVDF concentration leads to
negative values of An. The components of the above blend have
different signs of the double refraction, so that, by varying their
ratio, it is possible to select a composition such that the
birefringence is compensated for a certain value of X.

The foregoing is valid for amorphous blends with a particular
previous thermal history. These questions have been investigated
in detail in a study,322 where the composition of the components
blended in the melt was varied within wider limits. When the
components are fully compatible in given proportions in the melt,
the cooling of the latter may lead to the crystallisation of
PVDF,323"336 the characteristic features of which may depend
also on the annealing temperature.322 In particular, if the anneal-
ing is carried out at temperatures in the range between the glass
transition temperatures of PMMA and PVDF crystallisation may
be observed in blends containing more than 10% of PVDF.322 The
amorphous phases of both components are apparently fairly
compatible since a single glass transition temperature has been
noted in the blends. It decreases monotonically with increase in
the fraction of PVDF in conformity with the mixing rule for a two-
component mixture337'338
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Figure31. Dependence of the birefrigence refraction on the blend
composition in amorphous oriented (A = 2) specimens.321
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_ MACP In Tg + Af'Ac; In Tg

~ MAC, + M'AC' ' (27)

where Te> M, and ACP are respectively the glass transition
temperature, the mass fraction, and the difference between the
heat capacities of VDF in the region of the glass transition of the
components; the primed quantities refer to PMMA.

A decrease in the fraction of PVDF in the blend hardly affects
the thickness of the lamellae formed (Fig. 32). Under the condi-
tions of reduced crystallinity, this implies that the introduction of
PMMA promotes mainly a decrease in the rate of nucleation. It
follows from the relations presented in Fig. 32 that, for blends
enriched in PMMA, the morphology of the structural elements
formed is characterised by an increase in the intercrystallite
spacings.
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Figure 32. Dependence of the large period (1), the size of the amorphous
layers (2), and the thickness of the lamellae (3) on the fraction of PVDF in
PVDF/PMMA blends annealed at 140 °C?n

The satisfactory compatibility of PVDF with PMMA is
confirmed by the negative value of the Flory-Huggins para-
meter (B). According to numerous data,330'339"341 blends of
PVDF with poly(ethyl methacrylate) (PEMA) are also compat-
ible. The polymers PMMA and PEMA are incompatible and it is
therefore difficult to predict the nature of the compatibility of
PVDF with PMMA/PEMA copolymers. This problem has been
solved in experiments involving the study of the fusion of PVDF in
blends with PMMA/poly(ethyl methacrylate) (PEMA) copoly-
mers over a wide range of compositions.342 The parameter B was
estimated from the equation 324>339

(28)

where To and Tare respectively the melting points of pure PVDF
and in the blend, AH/V is the heat of fusion of PVDF per unit
volume (44.0 cal cm"3), and <P is the volume fraction of the
noncrystallisable polymer in the blend.

According to the pair interaction model,343 the parameter B
for such blends may be estimated with the aid of the relation

B /cal cm

- 3 .

B = 5(MMA/VDF)*(MMA) +
+ 5(EMA/VDF)*(EMA) +
+ S(MMA/EMA)<P(MMA)<J>(EMA). (29)

The experimental values of B for blends of PVDF with the
copolymers PMEMA of different composition are presented in
Fig. 33. Evidently, with increase in the amount of MMA in the
copolymer, B diminishes. Positive values of 2?(MMA/EMA) in
Eqn (29), indicating the repulsive nature of the intramolecular
interactions between neighbouring units in the copolymer, yield
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Figure33. Dependence of the Flory-Huggins parameter for the
PVDF/PMEMA blend on the composition of the copolymer.
(1) 5(MMA/EMA) = 0 (2) 5(MMA/EMA) = 3.25 cal cm-3 . }/

the best agreement between the calculated curve and the experi-
mental points.

The compatibility of PVDF with low homologues of the
methacrylate series (PMMA and PEMA) breaks down for higher
homologues of this series.344 Since the concentration of carbonyl
groups in the latter diminishes, it has been suggested that these
groups in the methacrylates actually play a significant role in the
compatibility processes. In this connection, a study has been
made 345 of the influence on the compatibility processes of both
these and other functional groups and elements, for example
oxygen or sulfur in ether groups. For this purpose, questions
concerning the compatibility of PVDF with poly(methoxymethyl
methacrylate) (PMOMMA) and poly(methylthiomethyl metha-
crylate) (PMTOMA) were examined. For the former, the exis-
tence of a single glass transition temperature indicates the
compatibility of the components. The parameter B found from
Eqn (28) is —14.5 J cm~3. This is an intermediate value for blends
of PVDF with PMMA and PEMA. It was shown that the upper
critical miscibility temperature (determined from the turbidity
temperature) diminishes almost by 100 °C with increase in the
fraction of PMOMMA to 0.5. The PVDF/PMTOMA blends are
turbid at all temperatures and two glass transition temperatures
are observed for them regardless of composition. This means that
these blends are incompatible. The melting point of the PVDF
crystals in the blends diminishes slightly with increase in the
fraction of PMOMMA, which indicates some change in the
dimensions and perfection of the crystals. One may assume that
the role of PMTOMA in these blends reduces mainly to the
effective suppression of nucleation, since the degree of crystallin-
ity (for a PMTOMA fraction of 0.5) decreases almost by a factor
of 2 according to measurements of the heat of fusion. The reasons
for such a striking difference in the behaviour of the blends of
PVDF with methacrylates, is seen by the authors of the study in
the increased volume of the side group in PMTOMA compared
with PMOMMA. Yet another cause of the above difference is
attributed to the lower electronegativity of the sulfur atom
compared with the oxygen atom.

The amorphous phase in a blend with a crystallisable polymer
is known to decrease the rate of crystallisation of the latter in all
cases.346-347 This law is valid also for the PVDF/PMMA328 and
PVDF/poly(ethyl acrylate) 34° blends. The details of this phenom-
enon have been investigated in a study349 where the rate of growth
of the spherulites was investigated with variation of both the
crystallisation temperature of the PVDF/PMMA blend and of the
molecular mass of the second component. It was found that,
depending on the temperature, the crystallisation can occur in
three regimes, which differ in the rates of secondary nucleation
and surface growth. At the same crystallisation temperature, an
increase in the molecular mass of PMMA in a blend of one
composition leads to a decrease in the rate of growth of the
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sphemlite. The experimental data are best described within the
framework of the modified Hoffman - Lauritzen theory, which
takes into account the two-step diffusion-controlled mechanism.

The high-resolution nuclear magnetic resonance (NMR)
technique with spinning of the specimen at the magic angle is
nowadays frequently employed to analyse the microstructures of
polymers in the block state. Potentially this method can be used
also for the analysis of the details of the interaction in blends if
blending at the molecular level is accompanied by a change in the
electronic states for the resonating nuclei. The approximate
similarity of the magnetisation parameters for these nuclei in the
PMMA and PVDF chains has been demonstrated 35° on the basis
of the characteristics of the resonance of the 13C nuclei. When this
was taken into account, the experiments involving the 13C and 19F
nuclei with cross-polarisation showed that PMMA and PVDF are
at least partly blended at the molecular level. This method has
been developed (in relation to the blends under consideration) in a
study351 where data involving the resonance of not only the 19F
and 13C nuclei but also 'H nuclei were employed.

For PVDF/PMMA blends with a wide range of compositions,
the experimental data are best described in terms of the model
which takes into account the presence of four different phases. The
presence of pure PVDF is postulated in the first phase. On the
experimental time scale, the presence of protons arising from
PMMA is not detected. The second phase includes the regions in
which the chains of both components are mixed at the 'truly
molecular' level and the main transfer of magnetisation from
protons to fluorine is ensured directly by the 1 H - 19F-depolarisa-
tion processes. The third phase is close to the previous one but, in
contrast to the latter, it should be controlled to a greater extent by
spin diffusion processes. Finally, the fourth phase includes regions
of pure PMMA, manifesting depolarisation and spin diffusion
processes. On the basis of their experiments, the authors351 were
able to calculate the fractions of the first and fourth phases and
also to estimate the dimensions and ratios of the components in
the domains comprising the second and third phases for blends
with a wide range of ratios of the initial components.

Table 17 shows that in the blend with 20% of PMMA the
latter is wholly in the blended state. In virtually all the blends, the
mixed second and third phases have virtually the same composi-
tion as regards the monomer ratio. The 80/20 blend is an
exception, which is due to the dilution effect. The dimensions of
the domains comprising the above phases also vary only slightly
with composition and are respectively 7 and 6 A.351

Later Papavoine et al.352 demonstrated in relation to the
PMMA/PVDF 60/40 blend that the method being developed has
a high information content also for the assessment of the kinetics
of phase separation. In the experiments, the initial blends were
heated under pressure at 200 °C (i.e. above the melting point of
the PVDF crystals where the components are fully compatible)
and were then rapidly cooled to 77 K. The kinetics of the phase
separation were then followed in the isothermal annealing regime
(at 120 and 140 °C) by the method described above (the increase in
the fractions of the first and fourth phases was estimated). It was
found that at both annealing temperatures the attainment of the
equilibrium value occurs at approximately the same time in terms

Table 17. The fractions of the first and fourth phases and the monomer
ratio in the second and third phases for PVDF/PMMA blends of different
composition.351

PMMA/PVDF

20/80
40/60
60/40
80/20

Fraction Fraction
of first
phase

0.75
0.35
0.15
0.10

of fourth
phase

0
0.10
0.30
0.30

Monomer
ratio

0.16
0.43
0.96
2.56

Monomer
ratio in
second and
third phases

0.65
0.59
0.75
1.99

of the fractions of both the first and fourth phases. The
accumulation of the first phase, i.e. of the regions of pure PVDF,
should be accompanied by the crystallisation of the latter. This has
been confirmed qualitatively by DSC data (the appearance of the
fusion endotherm for annealed specimens). Comparison of the
increase in the degree of crystallinity during annealing at 140 °C
on the basis of the results obtained by both methods shows that,
according to DSC, these values are systematically lower by
approximately the same amount. The authors believe that this is
not fortuitous and attribute it to the fact that in the NMR method
the first phase must include also the interfacial regions at the
crystal-amorphous phase boundaries, the presence of which has
been demonstrated by numerous dielectric relaxation experi-
ments.

Shilov et al.353 investigated the differences between the phase
ratios in bulk and on the surfaces of PVDF/PMMA blends. The
X-ray photoelectron spectroscopic method, yielding information
about the microstructure at depths of 4 - 5 nm, was employed.
Specimens of two types were investigated, one of which consisted
of a thin (0.2 pm) film of the 50/50 blend. Heating of the specimen
in 40 °C steps directly in the spectrometer chamber demonstrated
that up to 373 K the form of the XPES spectra does not change.
Annealing at a temperature T ^ 413 K leads to an increase in the
intensities of the lines corresponding to the carbon in the CF2
bond and, conversely, to a decrease in the intensities of the lines
due to the carbon in the C = O group. On fusion of the blend, this
process intensifies to an even greater extent as a result of the
weakening of the specific interactions between the blend compo-
nents. All the foregoing considerations can be accounted for solely
by a redistribution of the blend components in the above
annealing regimes, as a result of which the surface is enriched in
PVDF at depths of 5 nm.

This conclusion is confirmed by the results of the study of
specimens of the second kind which were of the 'sandwich' type: a
thin layer of PMMA was deposited on top of a layer of PVDF. In
the initial state, the lower PVDF layer in the specimen was almost
fully covered by PMMA, but thermostatic treatment of the
specimen at 413 K leads to the redistribution of the intensities of
the components of the lines due to carbon in the CF2 and C = O
groups mentioned above. The kinetics of this process are
described by a power relation with the exponent n « 0.5, which
is characteristic of diffusion-controlled processes. Since the
density of PVDF is higher than that of PMMA the direction of
the processes involving the inversion of the distribution of the
components in the surface must be opposed to the direction of the
force of gravity gradient. According to the authors,353 a surface
energy minimum should correspond to the state of equilibrium,
since one is dealing with the structure of the surface. The surface
tensions of PMMA and PVDF are respectively 40.2 and
32.7 mN m"1.354 The surface energy minimum therefore
requires the emergence of PVDF onto the surface, which has
been noted experimentally.353

In connection with the possible formation of polymorphic
modifications in PVDF crystals, a test of the influence of the
amorphous phase of the blend on the crystallisation of PVDF in a
particular modification is of current interest. If PVDF crystallises
with formation of a and y spherulites for low degrees of super-
cooling, the addition of PMMA leads to a decrease in the
concentration of the large (a) spherulites, which in addition
become loosely packed.86 Thus isotropic films become enriched
in spherulites formed by the y phase. According to other data,345

PMMA can influence also the form of the polymorphic modifica-
tion of the PVDF crystals produced in the isothermal annealing
regime at temperatures above the glass transition temperature of
the blend after its quenching from the melt.

DSC, IR spectroscopic, and X-ray diffraction data have
shown that the crystallisation of PVDF/PMMA blends leads
mainly to the formation of the a phase, but, if the component
ratio is 70/30, the ferroelectric p1 phase is produced. These
questions have been investigated in detail for textured films. In
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particular the role of PMMA in polymorphic changes has been
investigated in the formation of PVDF films under the conditions
of a high longitudinal gradient in the flow of the melt.356 It was
shown that, under the above conditions, pure PVDF crystallises as
a mixture of the a and P modifications, the fraction data of the
former amounting to 62%. Scanning electron microscopic data
indicate that this entails the formation of lamellar crystals. When
20 mass% of PMMA is introduced into PVDF, the fraction of the
P phase increases by 20% under the same crystallisation condi-
tions, while the morphology becomes mixed, i.e. acicular crystals
appear together with lamellar ones. A similar conclusion was
reached also in a later study102 where it was shown that the
addition of PMMA also increases the fraction of the p phase
formed, while the morphology changes from lamellar to fibrillar.
A new feature is the finding that the number of fibrillar p phase
crystals increases with increase in the molecular mass of the
polymethacrylates.

The influence of the form and concentration of the amorphous
component in the blend with PVDF on the nature of the
morphology generated on crystallisation of the latter has been
investigated in detail.357 Blends of PVDF with PMMA, the
styrene/MMA copolymer (S—MMA), and poly(methyl acrylate)
(PMA) were studied. It was noted that, whereas the lower critical
miscibility temperature (LCT) in PVDF/PMMA blends is
~ 3 5 0 ° C , it is significantly reduced for the P V D F / S - M M A
system with increase in the amount of styrene in the copolymer.
When the styrene content reaches > 0.15, the blend becomes
incompatible, since the LCT becomes comparable to the equilib-
rium melting point of the a modification of PVDF. As in an earlier
study,86 pure PVDF crystallised at low degrees of supercooling
with formation of the a and y spherulites, but, in contrast to the
study quoted, when polymethacrylates were added, fine differ-
ences were noted in the supermolecular structures produced. The
a spherulites of pure PVDF have a fine fibrillar structure, which
the y spherulites lack.

For the P V D F / S - M M A blends, the a phase spherulites are
converted into dendrites, the size of which diminishes, other
conditions being equal, with increase in the fraction of the
amorphous component. An even higher content of the latter
leads to the crystallisation of PVDF in the form of small circular
spherulites. The formation of dendrites is explained by the
appearance in the growing front of fluctuations in the concentra-
tion of PVDF chains and by the transition of the crystallisation
process to the diffusion-controlled region. Only circular spher-
ulites are usually observed for PVDF/PMA blends. This is
attributed to the lower glass transition temperature of PMA (and
hence also of the blend) compared with PMMA, which should
lead, other conditions being equal, to the acceleration of the stages
involving diffusional control during crystallisation. The last blend
is interesting also because it is possible to observe in it the
crystallisation of PVDF under the conditions of very high
'dilution', i.e. when its volume fraction is only 0.3.

The above changes in the properties of blends of PVDF with
polymethacrylates suggest the occurrence of specific interactions
in these components. Their nature has been investigated by IR
spectroscopy.3s9 Attention was concentrated in the above
study359 on the analysis of the form and frequencies of the
stretching vibrations of the carbonyl (C = O) group of PMMA.
Preliminary studies on solutions of low-molecular-mass homo-
logues of PMMA in the form of methyl acetate (MAC) and methyl
pivalate (MPA) have shown that the solvent polarity may alter
significantly the characteristics of the above band up to its
splitting. The occurrence of significant interactions may be
deduced by analysing the form of the absorption band due to the
vibrations of the carbonyl group in MAC and MPA, which were
introduced into the matrices of different polymers (Fig. 34).
Evidently in the case of inert matrices (PE, PTFE) the absorption
bands remain narrow and are displaced towards higher frequen-
cies. In contrast to this, bands due to the PVDF matrix are
significantly broadened and are displaced appreciably towards

1780 1750 1720 v/cm-' 1780 1750 1720 v/cm-

Figure 34. The form and position of the band due to the stretching
vibrations of the C=O group of methyl acetate (a) and methyl pivalate
(6) in various matrices.359

(7) PTFE; (2) PE; (5) PVDF.359

low frequencies. The authors formulated in greater detail the
mechanism of the specific interactions in blends, having consid-
ered the system comprising the VDF/chlorotrifluoroethene
copolymer swollen in deuterated MAC.

By following the doublet absorption in the region of symmet-
rical and antisymmetrical stretching vibrations of the methylene
groups in PVDF in the copolymer, it was shown that the swelling
of the copolymer in MAC leads to a significant bathochromic shift
of the bands. It was therefore concluded that the C = O groups
may form hydrogen bonds with VDF units. When account is
taken of similar data for low-molecular-mass compounds, the
enthalpy of such bonds, calculated from the frequency shift of the
absorption bands, is found to be ~ 1 kcal mol~ ' . This conclusion
has been confirmed also on passing from model systems to
polymer blends. The changes in the region of the absorption
bands due to the carbonyl group for pure PMMA and PMMA in
the PVDF/PMMA 50/50 blend show that in the latter case the
band shifts somewhat towards lower frequencies, which can be
seen distinctly from the difference spectra for specimens of the
annealed and quenched blends, having the same composition. The
excess absorption on the high-frequency side and the negative
absorption on the lower-frequency side imply in this case that this
annealing, leading to the crystallisation of PVDF, diminishes the
number of specific contacts between PMMA and PVDF.

It was possible to demonstrate the occurrence of specific
interactions also in relation to other functional groups, in
particular for the methyl ether group O—CH3 and the a-methyl
group of PMMA. An increase in temperature leads to a decrease
in the intensities of the above absorption bands for pure PMMA.
The addition of 15 mass % of PVDF leads to exactly the same
change. As a result of specific interactions, the latter effectively
weakens the intermolecular interactions in PMMA chains. This is
reflected also by the decrease in the glass transition temperature of
the blends with increase in the fraction of PVDF noted above [see
Eqn (27)]. Shilov et al.353 also concluded that specific interactions
occur in PVDF/PMMA blends, where the carbonyl group of
PMMA should be involved. This conclusion is based on the
analysis of the X-ray photoelectron spectral lines.

The specific interactions between PMMA and PVDF may be
the cause of an unusual phenomenon noted for the PVDF/PMMA
80/20 blend. The study by Tsutsumi et al.360 was devoted to the
estimation of the internal field £,• in the polarised specimen. The
method involving the introduction of small amounts of a dye
(dimethylaminonitrostilbene) was used and measurements were
made of the differences between the absorption spectra in the
visible region before and after poling in a field with a strength E.
For sufficiently high poling fields, the internal field proved to be
higher than the poling field (Fig. 35 a). In the highest poling fields,
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Figure 35. Dependence of the internal field £,• on the strength of the poling field (a) and the annealing temperature (b) in PVDF/PMMA 80/20 blends.360

the field ratio may be more than two, this conclusion being
confirmed also for another type of dye.361

As a result of the specific interactions between the PVDF and
PMMA chains in the amorphous phase, the glass transition
temperature in the blend of the above composition becomes
60 °C.360 At a poling temperature of 80 °C, these interactions
are weakened and the poling field causes the preferential orienta-
tion of not only the ferroelectric crystals but also of the polar
segments in the amorphous phase. Cooling of the specimen after
poling in the presence of a field to room temperature creates a new
situation for the blend compared with the VDF homopolymer.
Indeed, since Tg= - 4 0 °C for the latter, it follows that at room
temperature the ordered dipoles in the amorphous phase should
undergo depolarisation after the removal of the field and the
internal field is then generated only by crystallites. In contrast to
this, for the above blend at room temperature the ordered dipoles
of the amorphous phase should be frozen, since its glass transition
temperature is 60 °C. For this reason, the resultant internal field at
room temperature is generated in this case, in contrast to PVDF,
both by the polar crystals and by the ordered domains in the
amorphous region. This hypothesis is confirmed by the data
presented in Fig. 356. Evidently heating of the specimen of the
poling blend lowers Et precisely in the region of the glass transition
temperature, where the specific interactions between the PVDF
and PMMA chains are effectively weakened. It can also be seen
from the same figure that the main contribution to the depolarisa-
tion process comes nevertheless from crystals in which the
appearance of mobility at temperatures above 100 °C leads to a
more significant decrease in £, .

The study of Tsutsumi et al.360 was also concerned with the
problem of the influence of PMMA on the polymorphism of
PVDF. X-Ray diffraction data have shown that, whereas the
homopolymer crystallises as the a phase, its blends with PMMA
having the composition specified above are characterised by the
presence of the f) phase after quenching from the melt. This has
also been noted in other studies.345'357 However, it would be
premature to reach an unambiguous conclusion concerning the
role of PMMA as regards polymorphism, since many results
indicate some uncertainty. For example, when the blend is
prepared by deposition from a compatible polar solvent (dime-
thylacetamide), then, as for the pure homopolymer, it crystallises
as the y modification.362 In the absence of a phase crystals, it is
impossible to observe the high-temperature a(<Xc) relaxation.
However, later data363 showed that the form of the crystallo-
graphic modification may depend also on the type of the support
on which the film is deposited. In particular, the case of the PVDF/
PMMA 60/40 blend from solution onto an aluminium support
promotes crystallisation as the a modification.

Together with indirect data on the polymorphism in PVDF,
the dielectric relaxation method applied to blends can also yield

new information about the details of the morphology produced.
This is illustrated by the results of a series of studies where the
relaxation processes in compatible PVDF blends were investi-
gated by the dielectric method. The temperature dependences of
the loss factor at a frequency of 100 kHz were analysed for pure
PVDF and its blends with PMMA having different composi-
tions.365"367 Two relaxation regions can be clearly distinguished
for the homopolymer. They are attributed, in order of increasing
temperatures, to the p(aa) and oic processes. For blends, the
kinetics of both processes are the same as the fraction of PMMA
increases to 60% their intensity diminishes steadily without a
change in the temperature of the e" maximum. The latter factor for
the high-temperature process can be readily accounted for from
the standpoint of the mechanisms of the otc relaxation in PVDF.
Indeed, as already mentioned, it can be attributed to motions of
the chains in the crystals of the a modification of PVDF. A
decrease in the fraction of the latter is therefore equivalent to a
decrease in the number of crystals, which should lead to the
observed decrease in the intensity of the peak without its
displacement as regards temperature. The P(aa) process is unus-
ual. As mentioned above, according to the unanimous view of all
investigators this process is attributed to the micro-Brownian
motion of the chains in the amorphous region during glass
transition. If the low-temperature peak for blends is also related
to the glass transition, then it is impossible to account for the
independence of the temperature* of the above process as the
fraction of PMMA in the blend increases. If the amorphous phase
of PVDF is compatible with that in PMMA (this is indicated by
the presence of a single glass transition temperature), then, as the
fraction of the latter increases, the glass transition region should
shift towards higher temperatures, as indicated by Eqn (27). The
observed constancy of the low-temperature relaxation peak
clearly conflicts with these conclusions.

This factor as well as the fact that the p(aa) relaxation is
observed distinctly only when the otc process is detected made it
necessary to postulate mat the observed low-temperature process
has to be related not to glass transition but to the motion in the
interfacial region along the crystal-amorphous PVDF phase
boundaries. The same idea has been developed in a study368 in
which compatible PVDF blends were investigated, but this time
with PEMA. Fig. 36 presents the temperature variations of the
loss factor e" for this blend at a frequency of 200 kHz.

In contrast to PMMA, poly(ethyl methacrylate) has a lower
glass transition temperature (60 °C), so that yet another relaxa-
tion region (Pi) is observed together with the P(aa) and oic
dispersions for blends with a high PVDF content. Comparison
of DSC data shows that this relaxation region has to be attributed
to the glass transition process in the mixed regions of the
amorphous phase of PVDF and PEMA. It was found that the
temperature variations of the relaxation frequencies for the
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Figure 36. Temperature dependence of the loss factor at a frequency of
200 kHz in PVDF/PEMA blends.368 The numerals on the curves represent
the fraction of PVDF in the blend.

homopolymer and the slowly cooled blends enriched in PVDF fit
satisfactorily on a single relation. This made it possible to claim
that the low-temperature relaxation region in PVDF and in its
crystallisable blends with PEMA is associated with the mobility in
the interfacial regions of the crystal. Furthermore, the fraction of
such regions Wt may be estimated from the relation368

= W-(WC-Wm), (30)

where W is the overall fraction of PVDF in the blend, Wz the
fraction of the crystalline phase, and Wm the fraction of PVDF in
the blended state. The last was estimated from Tg for the blend,
while Wc was calculated from the enthalpy of fusion. The values of
W\ were compared with the relaxation force Ae. It was shown that
there is a linear relation between them. The maximum value of As
(5.5) corresponds to the relaxation in the homopolymer, for which
the fraction of interfacial regions reaches 0.35. As can be seen, this
value may constitute more than half the degrees of crystallinity in
PVDF usually reported.

However, the view of Yoon et al.367 and Ando et al.368

concerning the nature of the low-temperature relaxation region
in PVDF blends is not shared by everyone. Thus Saito and
Stuhn369 questioned the validity of the conclusions reached. This
is based on, for example, the temperature variations of the loss
factor s" at two frequencies for pure PVDF and in blends with
PMMA having the 60/40 composition (Fig. 37). Evidently the
regions of the s" maximum for low-temperature relaxation at a
high frequency are approximately the same for the homopolymer
and the blend, as mentioned in the earlier studies.367-368 However,
at a frequency of 100 Hz the differences between the temperatures
of the maxima are very striking. This served as a basis for the
conclusion that it is not the aa process but some other process
which contributes to the low-temperature relaxation.

Fig. 38 presents comparative frequency dependences of e" in
the glass transition region for pure PVDF and its blend with
PMMA. Evidently, the peak for the homopolymer exhibits a high-
frequency asymmetry, which was attributed to the contribution by
the local mobility in the region of P(y) relaxation. The overall
curve was subdivided into two components (oa and f$) by
adjusting the experimental points to agree with the calculated
ones with the aid of the empirical Havriliyak-Negami relation:
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Figure 37. Temperature dependence of the loss factor in PVDF (1,2) and
in the PVDF/PMMA 60/40 blend {3,4) at frequencies of 100 Hz (7,4) and
10 kHz (3,2).369

where the parameters 0 ^ a and y < 1 describe respectively the
broadening and asymmetry of the relaxation time distribution
function, while so and 800 are the extrapolated static and high-
frequency relative permittivities. At the temperature indicated in
Fig. 38, the curve for the p process in PVDF is described
satisfactorily by the parameters As = 0.69, lgvm = 4.0 a = 0.32,
and y = 1.

The same frequency dependences of e" for the blend at the
same temperature are presented in Fig. 386, where the high-
frequency maximum is described (after separation from the
postulated low-frequency maximum) by the parameters
A« = 0.43, lgvm - 4.3 a = 0.34, and y = 1 As can seen, the para-
meters of the P process for the homopolymer and the blend are
virtually identical. This justifies the assumption that the low-
temperature relaxation in PVDF/PMMA blends is determined by
the contribution not of the aa process but of the local mode of
motion (P process). The temperature dependence of the relaxation
frequencies in the blend and in the homopolymer are presented in
Fig. 39. They confirm the above conclusion, since in both cases
the relaxation frequencies and the activation energies (determined
from the slopes of the relations presented) for the p and ot process
are virtually identical.
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Figure 38. Frequency dependences of the loss factor at — 40 °C for pure
PVDF (a) and for the PVDF/PMMA 60/40 blend (6).369

01,, Oc, 3 — contributions of the corresponding relaxation regions.
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Figure 39. Temperature dependences of the relaxation frequencies in pure
PVDF (1,3,4) and in the PVDF/PNMA 60/40 blend (2,5, <5).369 aa, Oc, P,
MW — contributions of the corresponding relaxation regions.

The aa process in the homopolymer cannot be described by the
Arrhenius relation, as noted also by Ando et al.368 Ando et al.368

thought that one of the main arguments in support of their
hypothesis is the agreement between the correlation frequencies
for the homopolymer and the blend, which cannot be observed in
the case of PVDF/PMMA according to the data of Saito and
Stuhn.369 However, one can assume that there are no special
contradictions in the experimental data of the two studies.368-369

Indeed, the sections of the curve corresponding to the relaxation
frequencies in the ranges v > 104 Hz and v < 104 Hz were
discussed in the first and second studies respectively (Fig. 39).
Evidently, with increase in frequency, the aa and P relaxation
processes approach one another and one may expect that they
would coincide. Despite the rigorous quantitative analysis of the
results for the low-temperature relaxation in PVDF/PMMA
blends, the conclusions reached by Saito and Stuhn369 are never-
theless regarded as controversial. Indeed, if the low-temperature
relaxation in the PVDF/PMMA blend is induced mainly by the
contribution of the local p process in PVDF, then, under the
conditions of the compatibility of the amorphous phases of both
components, one has to postulate that the P(y) process in PVDF is
associated with the local mobility precisely in the amorphous
regions. However, this conclusion is not always confirmed
experimentally, since there are data (see, for example, Osaki and
Ishida275) showing that this process has to be related to the
crystalline phase.

The demonstration by Saito and Stuhn 369 that the character-
istics of the interfacial regions at the amorphous phase-crystal
boundary in the homopolymer and in the PVDF/PMMA blend
differ significantly is more valuable. This is confirmed by the
frequency dependences of s" at 90 °C for the PVDF/PMMA blend
and the homopolymer (Fig. 40). Evidently they differ signifi-
cantly: a maximum associated with the <Xc relaxation, on which
an intense rise in e" due to the occurrence of a vigorous low-
frequency relaxation process via the Maxwell-Wagner (MW)
interlayer polarisation mechanism is superimposed, has been
observed for PVDF. As can be seen from Fig. 40a, the above
relaxation process can be distinguished in the case of a blend, since
the experimental e" points in the low-frequency region are
satisfactorily fitted for the superposition of the MW process and
when account is taken of the dc-conductivity. Compared with the
homopolymer, the MW polarisation process in the blend is
displaced towards higher frequencies. This made it possible to
describe the given relaxation process in terms of the parameters of
Eqn (31): AE = 22.5, lgvm « 0.3, a = 0.72, and y = 1.

0 1 2 3 lg(v/Hz) 1 2 3 lg(v/Hz)

Figure 40. Frequency dependences of the loss factor at 90 °C in the
PVDF/PMMA 60/40 blend (a) and in pure PVDF (b).369 Components:
dc — dc conductivity; M = Maxwell-Wagner relaxation; Oc — otc
relaxation.

Thus the difference noted between the parameters of the MW
polarisation in the homopolymer and in its blend with PMMA
makes it possible to assume that, owing to the increased affinity of
the chains of both components, PMMA fragments are inserted
not only in the PVDF amorphous phase proper but also into the
regions of the interfaces noted above. Only this hypothesis can
explain (at least qualitatively) the observed differences, since the
ratio of the relative permittivities and the mobility of the carriers
in the region of the interfaces, which in fact control the MW
polarisation processes, should change under these conditions.

It is of interest to examine the characteristics of the blending of
PMMA not only with PVDF but also with its copolymers. In the
first place, attention was turned to the VDF/TrFE copolymer,
which gives rise to a ferroelectric phase immediately on crystal-
lisation from the melt.370 The VDF/TrFE 78.5/21.5 copolymer
was used and the blends were prepared by precipitation from
solution in dimethylacetamide. As for the PVDF/PMMA blend,
in the case of the copolymer an increase in the fraction of the
amorphous component lowers the melting point of the PVDF
crystals formed. Taking this into account, the Flory-Huggins
parameter was estimated from Eqn (29) as —0.329, which is less
then in the case of the homopolymer. This means that the
introduction of TrFE into the VDF chain of the monomer
promotes an intensification of the interaction between these
blend components. It may be that this accounts for a series of the
features noted below.

X-Ray diffraction data have shown that an increase in the
fraction of PMMA in the blend with the copolymer hardly affects
the unit cell parameters of the ferroelectric phase and leads merely
to a decrease in its volume fraction. Crystallisation persists even in
65/35 blends and both the Curie and melting points change little
under these conditions. The degree of crystallinity diminishes
linearly with increase in the fraction of PMMA to 40% and for its
higher values the blend is obtained in the amorphous state.
Comparison of IR spectroscopic data and the concentrations of
the groups of the copolymer in the 'planar zigzag' and TGTG
conformations showed that the introduction of PMMA into the
copolymer promotes an increase in the concentration of the
former.

The copolymer considered comprises two polar comonomers.
It is of interest to proceed to the consideration of a VDF
copolymer in which the second comonomer is nonpolar. A fairly
high fraction of this comonomer may affect the mechanism of the
interaction of the blend components, since specific interactions
between the PMMA chains and a nonpolar comonomer may be
disturbed. The most suitable compound for this purpose is the
copolymer of VDF with tetrafluoroethylene, which, like the
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previous copolymer, can give rise to a ferroelectric phase in the
isotropic state.371

The use of the VDF/TFE 80/20 copolymer, the properties of
which are similar to those of the VDF/TrFE copolymer, made it
possible to test the role of the polarity of the second monomer. The
monotonic variation of the refractive index and the single glass
transition temperature obtained on varying the composition ratio
indicate that the above blends are compatible. Analysis of X-ray
data has shown that crystallisation ceases when the fraction of the
copolymer is less than 70%. Evidently this corresponds approx-
imately to the critical value for VDF/TrFE copolymer in a blend
with PMMA (~ 65%). This similarity is most probably associated
with the fact that in both copolymers crystallisation proceeds with
formation of the polar ferroelectric P phase. For higher contents
of PMMA in the blend with the VDF/TFE copolymer, the latter
no longer crystallises. The nature of the amorphous halo indicates
the compatibility of the components in the nonordered state: with
increase in the fraction of PMMA, the angular position the halo
shifts monotonically towards lower angles as a consequence of the
increase in the average distances between the molecules.

The different chemical composition of the second comonomer
is, however, manifested in a different way. Yet another endo-
therm, associated with the phase separation process, which is
recorded also from the appearance of the turbidity point, has been
noted on the DSC curves in the range of temperatures above the
melting paint. Both methods yielded approximately similar
characteristic temperatures, but, what is most interesting, the
turbidity point varied very significantly. The variation may be
described by a curve with a minimum as a function of the increase
in the fraction of the copolymer in the blend. It has been shown
that a maximum variation of the enthalpy of phase separation
corresponds to the region of the minimum in the phase separation
point. The Flory-Huggins parameter is then found to depend on
the composition, but remains negative over the entire concentra-
tion range. The increase in this parameter as the concentration of
the copolymer is reduced shows that PMMA-enriched blends are
characterised by a weaker interaction of the components. This has
also been noted for the PVDF/PMMA blend332 on the basis of
small angle X-ray scattering data. The specific role of the nonpolar
comonomer TFE in PVDF chains most probably attributes to the
fact that the lowest values of B are found to be higher than for the
blend of pure PVDF and PMMA.

From the practical point of view, it is important to have
compatible PVDF blends with a high glass transition temperature.
For this purpose, it is of interest to consider as the blend
component the noncrystallising highly polar polyvinylpyrrolidi-
none (PVP), the glass transition temperature of which is ~200 °C
. The above components are satisfactorily compatible in the
melt.372-374 It was observed that the introduction of PVP greatly
reduces the melting point of the PVDF crystals, the formation of
which is fully inhibited for a PVP content of ~40 mass %. The
melting point depends on the molecular mass of PVP and
decreases with increase in the fraction of the latter. Analysis of
the details of the dynamic relaxation in the above systems shows
that a decrease in the fraction of PVP in noncrystallising hetero-
geneous blends with PVDF leads to a significant decrease also in
the glass transition temperature: for a PVP fraction of 0.4, it
diminishes to ~ 120 °C.374

If the PVDF/PVP blends crystallise, then the presence of
three-phases is noted: the crystals of PVDF, homogeneously
blended domains with a quasi-constant composition, and the
purely amorphous PVDF phase. In view of the very low
Flory-Huggins parameter, very strong interactions are postu-
lated between the components of the blend in the second phase.

The possibility of regulating the energy of the specific inter-
actions of the components can be ensured by introducing ions into
the polymer chain. In this connection, it is of interest to examine
the questions concerning structure formation in a blend of PVDF
with the tetrafluoroethene-perfluorovinyl ether copolymer with
a sulfonic acid group at the end [Nafion (NAF)].375 In the study of

the morphology on crystallisation of PVDF in such a blend,
obtained by precipitation from dimethylacetamide and dimethyl-
formamide, it was shown that the average size of the spherulite is
always greater when the component ratio is approximately equal.
Mixed spherulites of the a and y modifications have been observed
for the PVDF/NAF 40/60 and 60/40 blends, as in pure PVDF
under certain crystallisation conditions. The size and shape of the
spherulites formed depend not only on the blend composition but
also on the film deposition temperature, a Spherulites grow
predominantly at 150 °C, whereas the small spherulites of the y
phase grow mainly at 70 and 90 °C. The latter property is new
compared with pure PVDF and is apparently due to the presence
of theionomer.

An increase in temperature in a film of a blend with a
spherulitic morphology to 185 °C is accompanied by the disap-
pearance of spherulites when the system melts. However, a further
increase in temperature leads to a catastrophic growth of scatter-
ing intensity (for parallel polarisers) and a displacement of the
scattering region towards small angles. This is attributed to the
thermoinduced phase separation of the spinodal type. By resort-
ing to dielectric relaxation data in the region of the Oc transition, it
was possible to establish that the temperature of the maximum
increases linearly with increase in the fraction of NAF. On this
basis, it is concluded that this pair of components is partly
compatible as a result of the specific interactions between the
PVDF groups and NAF ions. A detailed study of the kinetics of
the phase separation (above the melting point of PVDF) showed
that the characteristic point may depend significantly on the
heating rate. At a constant heating rate (O^Kmin" 1 ) , the
turbidity point varies as a function of blend composition along a
curve with a minimum for a blend with 60 mass% of NAF.
Treatment of the experimental data from the standpoint of the
scaling theory has shown that, for a small thickness of the blend
films (10 |im), the growth of domains with concentration fluctu-
ations in the region of the phase separation is more likely to be
two-dimensional in character.

One may deal separately with the results of several studies in
which problems of compatibility in blends of PVDF with an other
crystallisable polymer were considered. The blends of PVDF with
poly(vinyl fluoride) (PVF) have been investigated in greatest detail
in this connection.376-377 The results of X-ray analysis have shown
that the phenomenon of isomorphism (crystallisation of both
components with the same lattice) is characteristic of them for
virtually any component ratio.376 The reason for this is apparently
the identity of the chemical bonds in the repeat units of the
monomers and hence the similarity of the lattices of each
polymer. Thus the most intense intermolecular reflection due to
the P phase is characterised by the interplanar spacings d = 4.31 A
in PVF and 4.39 A in PVDF. It is significant that even small
amounts of PVF added to PVDF stabilise the 'planar zigzag'
conformation in the latter.376

The same feature has been noted also for the blend of PVDF
with another crystallisable polymer — poly(ethylene glycol).378

The manifestation of cocrystallisation effects has also been
observed for the blend of PVDF with the chlorotrifluoroethy-
lene/VDF 77/23 copolymer. Under the conditions of the prepara-
tion of blend films from a common solvent, a single melting
endotherm due to the fusion of the PVDF crystals is manifested,
the melting point shifting insignificantly towards lower tempera-
tures as the PVDF fraction is diminished. At the same time, this
leads to an appreciable decrease in the degree of crystallinity and
in the size of the spherulites. The authors tend to see the significant
difference between the degrees of crystallinity a in the blend with
10% of PVDF compared with the pure homopolymer, taking into
account its fraction in the blend, as the manifestation of the
cocrystallisation effects in the above blends: whereas a = 53% for
PVDF, for the blend with 10% of the homopolymer (in the case of
a noncrystallisable copolymer) a should be 5.3%, but the actually
observed value is 9.9%.
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The practical tasks in the search for new materials with high
piezoelectric characteristics suggest the creation of composite
systems with classical inorganic ferroelectric fillers (of the type of
BaTiO3), which are introduced into the organic polymer matrix.
In this connection, the specific interactions between PVDF and
PMMA, in particular, may be reflected also in the final piezo-
electric properties. Indeed, the three-layer dielectric in the form of
PVDF combined with PMMA (filled with BaTiO3) has a high
piezoelectric constant d-n, which, however, is insufficiently stable.
An increase in dyi may be attained in another system, where the
buffer layer consists of a polyetherurethane elastomer,380 the
highly polar groups of which may stabilise the structure and
hence the piezoelectric properties as a result of the interaction with
the corresponding fragments of the PVDF chains.

The filling of PVDF simply with BaTiO3 particles is also of
practical interest, since the latter have a higher Curie temperature,
which makes it possible, in principle, to obtain a combined
material not only with high piezoelectric characteristics but also
with a wider range of temperatures at which it can be employed.
Possible structural modifications both in PVDF and in the
particles of the added filler have been suggested for this pur-
pose.381-382 The X-ray diffraction method, employed for the same
purpose, has been applied over a wide range of scattering angles in
order to isolate nonoverlapping reflections from individual blend
components. Pure PVDF crystallised as the a modification while
the introduction of even 10% of BaTiO3 greatly reduced the
intensity of the corresponding reflections, which can be explained
by a decrease in the degree of crystallinity. The observation of the
characteristic reflections for BaTiO3 with increase in its content in
the blend indicates that they are somewhat displaced into the
region of smaller angles. This is treated as evidence for the
appearance of internal stresses in such composites.

Finally, one should deal with yet another study on PVDF
blends with inorganic fillers. This concerns PVDF composites
with y-Fe2O3 particles.383 The author's aim was to test the
occurrence of the thermal decomposition of Fe(CO)s in a
chemically inert matrix. However, this study may be regarded as
a contribution to the development of a new method for the
preparation of materials with an interesting combination of
electrical and magnetic properties.

The formation of fine y-Fe2O3 particles as a result of the
decomposition reactions of the initial compounds is accompanied
primarily by the formation of an insoluble polymer. These
processes are most probably actually responsible for the fact
that, on crystallisation of PVDF, the large spherulites (which
arise in the homopolymer) are no longer observed in the blend,
while the mechanical characteristics of the latter change signifi-
cantly in the region of the high elasticity plateau. Optical micro-
scope and small angle X-ray scattering data indicate that the
degree of crystallinity in blends diminishes significantly. Analysis
of the morphology of the blends produced clearly indicates the
occurrence of processes involving the phase separation of the
components. The cluster structure was typically analysed by the
method of X-ray probes and it was found that the concentration of
iron within the particles is higher than in the surrounding polymer
matrix. Analysis of X-ray and electron diffraction indicates the
possibility of the occurrence of reactions between the magnetic
particles and PVDF with formation of FeF2 compounds. It is
believed that the latter are produced in the course of the formation
of a three-dimensional network in the polymer matrix. On the
other hand, most of the disperse phase has the y-Fe2O3 structure.
The proposed method is promising for the preparation of organic
materials containing small magnetic particles (the size of the latter
is 50-100 A).

X. Conclusion
The possibilities of the polymorphic transformations in PVDF
and in its copolymers under the influence of various external
factors have been analysed in the present review. It has been

shown that a particular crystallographic modification may be
obtained not only as a result of the operation of various physical
factors but also as a result of the introduction into the PVDF
chain of, for example, 'head to head' defects or certain comono-
mers. It is significant that the specific effects of the solvent can also
be used as an effective factor in the formation of particular
structure of PVDF films from appropriate solutions. It is
emphasised that the concentration and type of ionogenic impur-
ities in solution can then affect the type of the polymorphic
modification formed.

The operation of factors such as high pressure and tensile
deformation are used for practical applications, where one needs
to obtain polar modifications of PVDF, for example for pyro- and
piezo-electric transducers. Examination of the polymorphism in
PVDF induced by high electric fields may be used, on the one
hand, to discover the fundamental characteristics of the behaviour
of polymeric dielectrics in electric fields and, on the other, for
recommendations concerning the practical preparation of the
active elements used in the energy converters mentioned above.
It has been shown in relation to a series of recent studies that yet
another (nontraditioned) method for the modification of the
structure of PVDF and crystallising polymers in general is
irradiation.

The characteristics of the dynamics of polymer chains in
PVDF and its copolymers may serve as a basis for the prediction
of the occurrence of relaxation processes in the systems consid-
ered, which is important for the creation of materials with stable
and specified properties.

It is shown that specific modification of the structures of the
polymer systems considered may be achieved also with the aid of
blends with polymers and nonpolymeric components. In a
number of cases, it is possible to improve by this procedure
certain optical characteristics of the materials formed, which
makes them competitive in relation to other materials used in
elements with nonlinear optical properties.
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Abstract. The current state of gas adsorption chromatography on
open tubular capillary columns is analysed. The history of the
development of this method and its role in gas chromatography
are considered. The preparation of open tubular adsorption
capillary columns, fundamentals of the theory of retention and
of broadening of chromatographic zones, and the use of columns
of this type in practical analytical chemistry are discussed. The
bibliography includes 148 references.

I. Introduction
Gas chromatography is among the main analytical methods; it is
used successfully in various branches of industry such as the
petrochemical, chemical, and gas industry, etc., in pharmaceu-
ticals, in the control of environmental pollution, in medicine, in
agriculture, and also in scientific research.1"6

Currently, capillary gas chromatography is used most fre-
quently. Indeed, according to a bibliometric study,7 83% of the
publications devoted to chromatography refer to the use of
capillary columns and, according to McNair's data,8 capillary
columns account for 80% of all gas-chromatographic columns
purchased. In recent years, a new type of capillary column,
namely, open tubular gas adsorption (or gas-solid) capillary
columns have been used advantageously in analytical practice.
This makes it possible to solve numerous practically important
analytical problems that cannot be solved with the use of
conventional gas-liquid columns.

The aim of the present review is to analyse critically the data
on capillary gas adsorption chromatography, in particular,
studies by Russian scientists, who have made a substantial
contribution to the development of this technique.

The vigorous development of capillary chromatography
during the last 10-15 years is due to a number of advantages of
capillary columns over the conventional packed columns. Firstly,
open tubular capillary columns are 10-1000 times more efficient
than the classical packed columns. Secondly, capillary columns
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permit separation of a wider range of heavy (high-boiling)
compounds, since chromatography on these columns is carried
out at lower temperatures than on packed columns. Thirdly, with
the open tubular capillary columns, a substantially higher rate of
separation can be achieved. Fourthly, the decrease in the size of
columns ensures a more reproducible regime of separation.
Finally, the procedures for working with capillary columns
became much simpler when flexible quartz columns with poly-
meric coatings9-10 or with a more thermostable metallic coat-
ing11'12 have been introduced into the chromatographic practice.
The latter columns were proposed for the first time in Russia.11

The above advantages have stimulated the development of not
only gas-liquid but also gas-solid capillary chromatography.

The separating capacity of a chromatographic column (/?) is
determined by three factors:

R = •
c t - 1

4 l+k
= SEC, (1)

where a is the relative retention of two components that form a
pair, critical for separation; N is the number of theoretical plates;
k is the capacity factor of the second component being separated;
and S is the selectivity index of the column (of the sorbent used)

S =
a - 1

E is the efficiency index of the column

C is the capacity index of the column

k
s-i

1+fc'

(2)

(3)

(4)

The capacity index C plays an important role when the
capacity factors of the compounds being separated are small; for
large k values, the capacity index approaches unity.

When the operation of open tubular capillary columns is
analysed, their high efficiency is usually noted; however, the fact
that the high selectivity of the sorbent used is also a very important
factor having a considerable influence on the chromatographic
separation, is often neglected.
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The selectivity index [see Eqn (1)] has the greatest influence on
the degree of separation. In the case of poorly separable peaks
(a w 1.0), the selectivity index increases proportionally to (a-1)

hence,

= (a-1)EC.

(5)

(6)

The selectivity of a sorbent is usually the most significant
criterion for its possible use. Selective sorbents used in gas chrom-
atography include not only absorbents (stationary liquid phases)
but also adsorbents. A special place among the latter belongs to
geometrically ordered solids (for example, molecular sieves) or
adsorbents with specific properties (for example, organic hydro-
phobic adsorbents) or adsorbents with extended surface, etc.

In view of this, it is natural to extend the use of solid
adsorbents to capillary gas chromatography, i.e. to develop gas
adsorption (gas-solid) capillary chromatography.

Gas adsorption chromatography has the following advan-
tages.13

1. Enhanced selectivity and sorption capacity of adsorbents,
which make it possible to separate organic or inorganic com-
pounds having similar physicochemical properties. Examples are
provided by the separation on molecular sieves, graphitised
carbon black, or organic polymeric adsorbents.

2. The higher efficiency of separation compared to that in gas-
liquid chromatography (GLC), which is due to the fact that mass
exchange processes occur more rapidly than those in GLC.

3. The sufficiently high thermal stability of adsorbents.
4. The possibility of separating gases and volatile compounds

at 40-50 °C with conventional gas chromatographs.
5. The lower 'noise' of the detector, which is due to the fact

that the adsorbents are usually non-volatile.
The unique features of gas adsorption chromatography have

also attracted the attention of Giddings,14 who has written: 'One
immediate advantage of gas-solid chromatography resides in the
fact that a surface coated with any reasonable degree of uniform-
ity will exhibit a coefficient of the resistance to mass transfer
substantially smaller than the corresponding coefficient for a
liquid adsorption layer in gas-liquid chromatography. The sec-
ond immediate advantage of gas-solid chromatography resides in
the great potential selectivity of the adsorption process. Surface
adsorption is potentially capable of offering the most versatile and
selective characteristics of any of the known retentive mechanism.
The rigidly fixed forces of a solid surface contrast sharply with the
fluid forces of a liquid phase.'

Of course, the gas-solid chromatography is not free from
certain drawbacks. These are the following:

1. Some non-reproducibility of sorption and chromatographic
characteristics of the adsorbents used (compared to those of
stationary liquid phases).

2. Asymmetry of chromatographic zones resulting from some
non-linearity of adsorption isotherms.

3. A higher probability (compared to that in GLC) of
irreversible adsorption and catalytic transformations of the
compounds being analysed on the surface of an adsorbent.

4. The narrow range of commercially available adsorbents for
gas-solid chromatography.

Juxtaposition of the advantages and drawbacks of gas
adsorption chromatography shows that the advantages of this
variant are much more significant than its drawbacks. This is also
supported by the fact that columns with such adsorbents as
alumina, silica, graphitised carbon black, molecular sieves,
organic polymers, etc. are widely used in practice.

The advantages of gas adsorption chromatography can be
fully realised by using its capillary variant.

II. The discovery of capillary gas chromatography
and its development
The author of capillary chromatography Golay was the first to
point out the theoretical possibility of preparing open tubular
capillary columns with a sorbent layer arranged on the inner walls.
In 1960 he wrote: 'Why not make a semipacked column with a
large open passage in the centre, say, nine-tenths as large as the
column inside diameter, and with a large thin layer of packing
material in the remaining space on the periphery? The answer is
why not indeed? I believe that such columns constitute nearly ideal
columns for a wider range of analysis than present-day smooth
tubular columns.'15 Note that the researcher did not indicate what
particular variant of chromatography, i.e. gas-liquid or gas-solid
chromatography, it would be expedient to accomplish on a
capillary column with porous walls.

Some years later, open tubular gas adsorption capillary
columns with their inner walls coated by an adsorbent layer were
produced independently by several researchers in Russia and
Germany. For example, in 1961, Kalmanovskii et a/.,16 who
studied the modification of glasses with chlorotrimethylsilane
during the production of various glass capillary columns have
noted that: 'the separation on non-modified capillaries proved
poor (Fig. 1 a), the retention time of acetone being much longer
than those for other compounds and its peak being markedly
asymmetrical. This indicates that the capillary surfaces contain a
large number of polar sites. When the surface of these non-
modified capillaries was coated with a silicone oil film, the
separation became better (Fig. 1 b). The modification of the
capillary surface with chlorotrimethylsilane (Fig. 1 c) led to
clear-cut separation and to a change in the order of elution
(acetone emerged first!) with respect to that with the unmodified
capillary made of the same glass (cf. Fig. 1 a). Modified capillaries
can be used for analytical purposes directly in the gas adsorption
version of the capillary chromatography.'16

Further, the researchers noted that the application of a
silicone oil film to the surface of a modified capillary improved
the separation to a greater degree (Fig. 1 d) than its application to
a non-modified capillary (see Fig. 1 b). It is also noteworthy that
the modification of the capillary surface with chlorotrimethylsi-
lane was performed by an unusual procedure during the produc-
tion of the capillary. The initial tube, from which the capillary was
to be drawn, was filled with liquid chlorotrimethylsilane. At high
temperature (~ 700 °C), chlorotrimethylsilane apparently decom-
posed, and interaction of the products thus formed with the glass
surface yielded an adsorption layer on the inner walls of the
capillary column. The chromatograms shown in Fig. 1 were
obtained at 25 °C with glass capillaries with a length of 15-20 m
and with an inner diameter of 0.3 mm.

Mohnke and Saffert17-18 have prepared a gas adsorption
capillary column with a silica layer by prolonged (30 h) etching
of the inner surface of a Jena glass capillary by aqueous ammonia
at 170-180 °C. This yields a 10-20 urn thick silica layer. Note
that Mohnke and Saffert were the first to point to a very important
application of capillary gas chromatography, namely, to the
separation of isotopes and nuclear-spin isomers of gases. A good
degree of separation of nuclear-spin isomers and isotopes of
hydrogen was achieved even in the first studies on capillary gas
adsorption chromatography (Fig. 2).18

A fundamentally new suspension method for the preparation
of open tubular absorption columns, based on the deposition of
an adsorbent layer on the inner walls of a capillary from a
suspension, has been proposed by Halasz and Horvath.19-20 The
preparation of an adsorbent in columns of this type is independent
of the material of the inner walls of the column and does not
involve any transformations of it. Fig. 3 presents a chromatogram
of a fast separation of aromatic hydrocarbons on graphitised
carbon black layered onto the inner walls of a copper capillary.
Kirkland21 manufactured for the first time an open tubular
capillary column (75 m x 5 mm) with boehmite (AI2O3) and
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Figure 1. Chromatograms obtained for a mixture of vapours of some organic compounds in
open tubular glass capillary columns with inner surface modified by various methods (including
formation of adsorption layers).16

(a) a non-modified capillary column; (b) a non-modified capillary column, the inner walls of which
have been coated with a silicone oil film; (c) a capillary column, modified with chlorotrimethylsi-
lane during the production of the capillary from a wide glass tube; (d) a capillary column modified
with chlorotrimethylsilane, the inner walls of which have been coated with a film of silicone oil;
(I) acetone, (2) n-hexane, (5) benzene, (4) n-heptane, (5) toluene, (6) n-octane.

showed the possibility of using this column for the fast separation
of Freons.

Among the pioneering studies dealing with the adsorption
capillary chromatography, the works of Weiher,22 Petitjean and
Leftault,23 Schwartz,24 Liberti and coworkers,25"29 and of Ilkova
and Mistryukov 30 should be mentioned.

An important role in the development of the capillary
chromatography in columns with a porous layer on the inner
walls (capillary columns with adsorbent layers constitute a
particular case), has been played by the studies of Ettre and
coworkers31"33 and, especially, by their review34 devoted to the
theory, methods for production, practical application, and pros-
pects of the development of surface-layered open tubular capillary
columns for gas-liquid chromatography.

Thus, the results of the very first studies on the adsorption
capillary columns demonstrate, firstly, the high resolving power of
the method, which is manifested most clearly in the separation of
isotopes, and, secondly, the fact that separation takes little time.

During the last 10-15 years, interesting studies and important
practical applications of open tubular gas-adsorption columns
have been accomplished by de Nijs, de Zeeuw, Mohnke, and
coworkers;35"40 the 'Chrompack' company (the Netherlands) has

9 T/min

Figure 2. Chromatogram for the separation of nuclear spin isomers and
isotopes of hydrogen in an open tubular adsorption glass capillary
column.18

The 80 m long open tubular capillary column contained a 20 um thick
silica layer as an adsorbent; T — 77.4 K; neon was used as the carrier gas;
(1) helium, (2) p-protium, (3) o-protium, (4) DH, (5) o-deuterium,
(6) />-deuterium.

begun the commercial manufacture of some types of these
columns based on alumina, molecular sieves, and polymeric
adsorbents (see for example Ref. 41).

In our opinion, classification of capillary columns is important
in gas chromatography. It has been noted (see for example Ref.
42) that some researchers confuse the term 'open tubular capillary
columns with a porous layer on the inner walls' (PLOT) with the
term 'open tubular capillary columns with inner walls coated with
a layer of a solid material' (WCOT). It is expedient to distinguish
various types of columns according to the following features: first,
the presence (or absence) of a porous layer on the inner walls of a
capillary column and second, the presence (or absence) of a layer
of a stationary liquid phase on the inner walls of a column (Fig. 4).

t / s 60 30

Figure 3. Chromatogram obtained for the separation of aromatic hydro-
carbons in an open tubular capillary column containing graphitised
carbon black.19

A 15 m x 0.25 mm silver-plated copper column was used, the concentra-
tion of graphitised carbon black was 5.4 mgm"1 ; T = 245 °C; hydrogen
was used as the carrier gas;
(i) benzene, (2) toluene, (5) ethylbenzene, (4) m-xylene, (5) o- and
p-xylenes.
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A layer of stationary liquid phase

Figure 4. Various types of open tubular capillary columns.
0) Open gas adsorption (gas-solid) column with smooth walls (an
adsorbent); (2) open gas adsorption (gas-solid) column with inner walls
coated with an adsorbent layer; (J) open gas-liquid-solid column with
smooth walls (a solid support); (4) open gas-liquid-solid column with inner
walls coated with an adsorbent layer (a solid support).

In the case of open tubular capillary columns with smooth
walls (i.e. containing no porous layer), in which non-porous inner
walls of the capillary are used as the adsorbent, an equilibrium in
the system 'gas -planar adsorbent' under consideration is estab-
lished quite rapidly; however, unfortunately, the capacity of these
columns is relatively low. The theoretical possibility of using these
columns was noted for the first time by Berezkin and Volkov.43

Columns, the inner walls of which are coated with a layer of a
solid adsorbent, are most widely used in the analytical practice.
Columns containing a solid adsorbent layer modified with small
amounts of non-volatile liquid phases should also be classified as
adsorption columns. Characteristics of open tubular capillary
columns modified with non-volatile liquid phases can be found,
for example, in the following studies.44~46

The contribution of an adsorption mechanism to the retention
can also be significant in the classical columns with a layer of a
stationary liquid phase on smooth walls. For example, this is the
case with the chromatography of n-alkanes in open tubular
capillary columns with a poly(ethylene glycol) layer.47-48

This review is mostly devoted to open tubular capillary
columns, the inner walls of which are coated with a layer of a
solid adsorbent (gas-solid chromatography).

III. Retention of compounds subjected to capillary
gas-solid chromatography
Retention in gas adsorption chromatography is determined both
by the nature of the surface of the adsorbent and by its structure.
The mechanism of retention is discussed in detail in a number of
monographs.49"54 Kiselev13-51 has shown that the retention
volume KN is directly proportional to the surface area (S^d) of
the adsorbent in the column (it has been assumed that at relatively
low coverages, the accessibility of the adsorbent surface does not
change):

KN = KAd, (7)

where Ks is the coefficient of distribution of the substance
subjected to chromatography between the adsorbent surface and
the gas phase.

Note an important specific feature of the gas-solid chroma-
tography, namely, the fact that the retention of compounds
depends on the nature of the mobile phase. The replacement of
light carrier gases by heavy gases leads to dynamic modification of
the adsorbent surface, to a decrease in the coefficients of distribu-
tion of compounds being analysed in the 'solid adsorbent-gas'
system, and, hence, to a decrease in retention times.

0 1 0 1 T/min

Figure 5. Chromatograms for a mixture of hydrocarbons separated in an
open tubular capillary column with alumina using helium (a) and carbon
dioxide (b) as carrier gases.
(7) Methane, (2) ethane, (3) propane, (4) isobutane, (5) n-butane. A
50 mx 0.32 mm column with AI2O3/KCI was used; T= 100 °C, flame
ionization detector, flow splitting 1/50.

The chromatograms of gaseous hydrocarbons obtained on a
column with alumina using two carrier gases (helium and carbon
dioxide) are presented in Fig. 5. It is seen that the retention times,
especially those of heavy compounds, decrease in the case where
the heavy carrier gas (carbon dioxide) is used. An influence of
water vapour on the modification of the adsorbent (AI2O3) and on
the retention in the capillary adsorption chromatography has been
noted by de Nijs.35

A further important specific feature of the capillary adsorp-
tion chromatography is the dependence of retention on the
pressure of the carrier gas. The influence of the average carrier
gas pressure in a column on retention values (for example, on the
capacity factors) of compounds subjected to high-performance
gas-solid capillary chromatography was studied systematically for
the first time by Berezkin et al.55 for various carrier gases and for
the pressure range used in the conventional capillary gas chroma-
tography (1-5 atm at the inlet of the capillary column). It is
noteworthy that owing to the high resolving power of open
tubular capillary columns, the experimental conditions that can
have an influence on the retention are especially significant in
capillary chromatography.56 For example, in order to decrease the
time required for separation by increasing the velocity of the
carrier gas in the column, it is necessary to change the pressure at
the inlet of the column (and, consequently, the average pressure in
the column within the pressure range specified above).

The results of a study of the dependence of the capacity factor
on the average pressure of the carrier gas in the column are
presented in Table 1. It follows from these data that retention
depends both on the nature of the carrier gas and on its pressure in
the column.

To explain this, we shall use the known regularities of the
adsorption of mixtures. If we assume that the adsorption of
molecules of volatile compounds A and C occurs upon their
collision with an unoccupied adsorption site on the surface of a
solid adsorbent and that the rate of desorption of these molecules
is proportional to the surface area occupied by the adsorbed
molecules, the adsorption isotherm can be described by the
following equations:57

(8a)
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Table 1. Dependence of the capacity factors of gaseous hydrocarbons on the average pressure of the carrier gas in a capillary column.55

Pj atm Propene Butane

H2 as the carrier gas
1.0
1.6
2.8
3.4
4.1

0.80
0.81
0.80
0.81
0.84

N2 as the carrier gas
1.0
1.6
2.8
3.4
4.1

0.87
0.88
0.87
0.86
0.85

.51

.52

.54

.53

.56

.65

.68

.65

.62

.59

But-1-ene

3.27
3.29
3.24
3.22
3.24

3.61
3.64
3.58
3.52
3.45

(SKI

P/atm Propene ]

He as the carrier gas
1.0
1.6
2.8
3.4
4.1

0.88
0.89
0.89
0.89
0.88

CO2 as the carrier gas
1.0
1.6
2.8
3.4
4.1

fe(G2) = A

0.64
0.59
0.54 (
0.49 (
0.44 (

fe(G,) + B,

iutane

.68

.71

.72

.71

.69

1.17
1.08
).95
).88
).8O

But-1-ene

3.66
3.73
3.75
3.71
3.63

2.46
2.24
1.91
0.80
1.58

(11)

where OA and oc are concentrations (g g~') of the adsorbed
compounds A and C, respectively; K\ and Kc are adsorption
coefficients of the compounds A and C; and c\ and cc are the
concentrations (g I"1) of A and C in the gas phase. Subsequently,
A stands for the compound being chromatographed and C stands
for the carrier gas.

From Eqns (8), the following equation has been derived,55

which relates the capacity factor (fc) to the average pressure of the
carrier gas in the column (P):

where

b =

(9)

(10a)

(10b)

P is the ratio (v/v) of the phases occurring in the column, ap and bp

are coefficients from Eqn (9). By using the above equations, one
can determine the parameters of Eqn (8) for adsorption of a gas
mixture.

The experimental data obtained are adequately described by
Eqn (9) (Fig. 6). Such a processing of experimental results makes it
possible to find the parameters of Eqn (9); i.e. in this case, gas
chromatography can be used as a physicochemical method for
determining parameters of the equation describing the adsorption
of mixtures. Note that a variation of the pressure of a carrier gas at
the inlet of the column is associated with a variation of its linear
velocity; therefore, in this case, a dependence of the capacity factor
(i.e. of the retention of a substance) on the linear velocity of the
carrier gas can be manifested.

The nature of the carrier gas exerts a substantial influence on
the retention of compounds in the capillary gas adsorption
chromatography. It is clear that the rules that make it possible to
pass from the retention values observed with one carrier gas (Gi)
to the values characterising retention of the same compounds
when another carrier gas is used (G2) are of practical interest.
Recently + the following correlation has been established:

t See V G Berezkin, I V Malyukova, V R Alishoev, J de Zeeuw / . High
Resol. Chromatogr. 19 272 (1996).

where k(G) is the capacity factor of a compound with carrier gas
G, and A and B are constants. It was shown in the same study that
the efficiency of separation is substantially improved by using
carbon dioxide, passed at the optimal velocity, as the carrier gas.

I/A:

5 PI atm

Figure 6. Dependence of l/k on the average pressure of a carrier gas
(carbon dioxide) in the column.
(V) Propylene, (2) butane, (5) but-1-ene. Experimental conditions: a
50 m x 0.32 mm column; AI2O3/KCI as the adsorbent; T = 90 °C.

The above features characterising the dependence of the
retention of compounds being analysed on the properties of the
mobile phase should also be taken into account in the practical use
of capillary adsorption columns.

IV. Broadening of chromatographic zones in open
tubular gas adsorption capillary columns

Broadening of chromatographic zones during their migration
along the column is influenced by the character of movement of
the carrier gas in the column, by the diffusion of the substances
being separated in mobile and stationary phases, by the rate of
interfacial mass transfer, and by characteristics of the adsorption
layer used.13-34 '51"53 '58-64

Already in first studies on capillary chromatography,
Golay58"60 proposed that, in order to increase the capacity index
of the column, one should apply a layer of stationary liquid phase
onto a porous layer of a solid support located on the inner walls of
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a capillary column rather than directly onto the smooth walls of
the column. If the thickness of the film formed by the stationary
liquid phase on separate particles of the solid support is the same
as that formed on the smooth walls of the capillary, then the
amount of the stationary liquid phase per unit length of the
column becomes much higher, since the interior surface of the
solid support is much greater in this case. This results in a decrease
in the ratio of the phase volumes

L

U2'
(14)

where L is the length of the column; and tm is the 'dead time' of the
column;

9 (P* - !)(/* - 1)
71 8 ( i> 3 - l )

(15)

(where Vg is the volume of the gas phase in the column and V\ is
volume of the stationary liquid phase in the column), in an
increase in the capacity factor k, and, hence, enhances the
separation.

To describe broadening of chromatographic zones in open
tubular capillary columns with walls coated by a porous layer,
Golay has obtained the following equation:14'15

1 +6fc+ life2

(1+fc)2
• 32Jk)a2

(1+kY

l+2a2]
6(l+kf

(12)

/ 2 = 2 (F^T) ( 1 6 )

(P = PijPo, Pi and Po are carrier-gas pressures at the inlet and
outlet of the column, respectively), a* is the accommodation
coefficient; um is the average velocity of the molecules of the
substance under analysis in the gas phase, 5 is the overall surface
area of the adsorbent layer in the column, and /„ is a factor
reflecting the heterogeneity of the adsorbent.

If we neglect the influence of the pressure differential on the
broadening of chromatographic zones (i.c/2 « I./1//2 * 1), the
Giddings equation for an adsorption capillary column assumes
the form:

(17)

where H is the height equivalent to a theoretical plate (HETP); Dg

is the coefficient of diffusion of the compound under analysis in
the gas phase; u is the linear velocity of the carrier gas; k is the
capacity factor of the compound under analysis; a\ = dt/r (dt is the
average length of the tortuous channels in the porous layer
covering the inner walls of the column); «2 = djr (dg is the
effective thickness of the gas layer in the porous layer covering the
inner walls of the column); r is the internal radius of the column; F
is the ratio of the surface area of the liquid phase to the surface
area of the capillary walls; Ko is the coefficient of distribution of
the substance under analysis between the mobile and stationary
phases; and D\ is the diffusion coefficient in the liquid phase.

The last term in Eqn (12) reflects the resistance to the mass
transfer in the liquid phase and it is inversely proportional to F.
This implies that the efficiency of a capillary column should
increase with an increase in the degree of porosity of the near-
surface layer (H decreases with an increase in F). Thus, the idea of
a capillary column with a porous layer of a solid support has
already been included in the derivation of this equation. However,
it should be noted that this equation, like other Golay equations,
was obtained first of all for gas-liquid-solid (or gas-liquid)
chromatography.48

An equation relating HETP to the linear velocity of the carrier
gas for gas adsorption chromatography has been proposed by
Giddings.65-66 The first terms in the Giddings equation virtually
coincide with those in the Golay equation. These equations differ,
firstly, in the term that reflects the resistance to the mass transfer in
the adsorption layer located on the inner walls of the capillary
column and, secondly, in the allowance for the influence of the
carrier gas pressure differential along the column on the broad-
ening of chromatographic zones. The Giddings equation can be
represented in the following way:

H = -
2Dg

«o 24(1

k+lj ^ L / « " ° / ( "
(13)

where

24(1+*)'

C 8 V'f
Wd = Wjn -

where u0 is the linear velocity of the carrier gas at the outlet of the
column.

(18)

(19)

(20)

(21)

(22)

To verify whether Eqn (18) is in agreement with experimental
results, it is convenient to write it in the following form:

Hu = 2£>g + Cu2 . (23)

The Dg values can be calculated from the equation proposed
by Fuller et al.67 or by another theoretical method (see, for
example, a published study68). If we find the values for the
resistance to mass transfer C for compounds subjected to
chromatography with two carrier gases in an open tubular
adsorption capillary column, then we can determine the real
coefficients of resistance to the mass transfer in the gas phase
(Cg) and in the adsorption layer (Cad)- The theoretical methods
have been developed earlier by Perrett and Purnell for gas-liquid
chromatography.69

The first estimate of the coefficients of resistance to mass
transfer from the Golay-Giddings equation was carried out by
the Dutch researchers de Nijs and de Zeeuw.36 They considered
the chromatography of buta-l,3-diene in an open tubular adsorp-
tion capillary column (with alumina as the adsorbent) with helium
and nitrogen as carrier gases and obtained the following values for
Cx 104: Cg (butadiene in helium) = 1.3; Cg (butadiene in nitro-
gen) = 4.6; Cad = 1-8. Thus, Cg and C^ are of the same order of
magnitude.
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For comparison, we present the coefficients of resistance to
mass transfer Cg and C\ reported by Cramers et al.70 for the
chromatography of tridecane in an open tubular capillary column
with the inner walls coated with a stationary liquid phase layer.
For a 24.7 m x 0.55 mm column (with the CP-Sil 5-CB silicone as
the stationary liquid phase, T= 150 °C), the following values
have been reported, C x 104: the coefficients of resistance to mass
transfer in the gas phase Cg (tridecane in helium) = 2.8;
Cg (tridecane in nitrogen) = 10.6; the coefficient of resistance to
mass transfer in the liquid phase Ci = 4.1. It follows from these
data that the coefficients of resistance to mass transfer for the gas-
solid and gas-liquid variants of capillary chromatography are of
the same order of magnitude.

A similar study has been carried out for a capillary gas
adsorption column of the 'Chrompack' company (the Nether-
lands), the inner walls of which have been coated with a layer of
the adsorbent AI2O3/KCI.43 The results of this study are presented
in Table 2. The values listed were determined from the linear
Eqn (18). The results obtained are in good agreement with the
experimental data.

Table 2. Coefficients of the Golay-Giddings equation for the separation
of gaseous hydrocarbons in a capillary column with alumina.

Carrier gas Calculation

cm2s->

For the analysis of ethane

He
N2

CO2

0.68
0.22
0.175

For the analysis of propane

He
N2

CO2

0.56
0.17
0.14

For the analysis of n-butane

He
CO2

0.43
0.11

Bbl
cm 2 s - '

1.4
0.44
0.35

1.11
0.34
0.27

0.86
0.22

Experiment

Bl
cm 2 s - '

1.2
0.45
0.36

0.96
0.36
0.29

0.80
0.22

C/s

2.4
6.8
8.0

3.0
8.6

11.0

7.2
24.0

a Calculated by the Fuller - Schettler - Giddings method.67 b B = 2Dg.

The coefficients of diffusion of compounds subjected to
chromatography in a carrier gas can be found from the coef-
ficient B and calculated from the Fuller-Schettler-Giddings
equation.67

Thus, the values found using the Golay-Giddings equation
are in satisfactory agreement with the experimental results for
open tubular capillary columns both in the type of functional
dependence and in the magnitudes of the diffusion coefficients for
substances in the gas phase, which are determined from the
experimental chromatographic data. For example, the coefficient

of diffusion for butane in helium, found from the Golay equation,
is 0.40 cm2 s" 1 , while the corresponding diffusion coefficient
calculated from the Fuller-Schettler-Giddings equation is 0.44
cm2 s ~ ' .

It is noteworthy that the experimental data obtained by
Goretti et al.71 have also been in good agreement with Eqn (18).
These investigators used open tubular glass capillary columns, the
inner walls of which were coated with a graphitised carbon black
layer. The parameters B and C determined from their experimen-
tal results are listed in Table 3. It follows from these data that
when the velocity of a carrier gas is more than 30 cm s - ' , the
major contribution to the broadening of the zones corresponding
to the compounds under analysis is made by the term reflecting the
resistance to mass transfer.

To describe the dependence of HETP on the linear velocity of
the carrier gas for open tubular gas adsorption columns, the
following equation has been proposed72 (which is valid provided
that the thickness of the porous adsorbent layer a is much smaller
than the radius of the column r (i.e. ajr < 1):

H =
2Dg 1 Ik2 + 6k + 1
~V + 24(/c+l)2 u, (24)

where Dp is the diffusion coefficient of the substance being
analysed in the porous layer of the adsorbent (note that normally
Dp < Dg), and % = *W V?> where Kpg is the pore volume in the
adsorbent and Vp is the volume of the whole porous layer.

This equation implies that the i/value decreases (the efficiency
of the column increases), firstly, as the radius of the capillary
column decreases and, secondly, as the degree of porosity of the
adsorption layer increases. These dependences agree qualitatively
with the experimental results.

In conclusion, it should be mentioned that the authors of some
recent studies (see for example Ref. 73) have noted that the
dependences of HETP on the linear velocity of the carrier gas
observed experimentally for adsorption capillary columns do not
agree with the Golay-Giddings equation.

V. Methods for the preparation of open tubular gas
adsorption capillary columns
Methods for the preparation of open tubular adsorption capillary
columns have some specific features which distinguish them from
the known techniques used for the production of capillary
columns with a stationary liquid layer.

Only methods for the production of adsorption capillary
columns with a porous adsorbent layer have been reported.
Columns of this type are characterised by high capacities and
stable performance.

A method for the preparation of open tubular columns has to
meet fairly stringent requirements.

(1) A method should ensure uniform distribution of the layer
of an adsorbent over the whole inner surface of a capillary;

(2) the particles of the adsorption layer should be fixed fairly
rigidly on the surface of the capillary;

Table 3. Characteristics of the processes of chromatography of isobutane (I) and n-butane (II) on gas adsorption capillary columns with graphitised
carbon black of the MT type (7 m2 g~').

Size of the column *
/mxmm

9.6x0.2
11.0x0.25
11.0x0.3
11.0x0.2b

1 Thickness of the
sorbent layer/ um

100
65
45

100

K

I

1.00
1.97
1.57
2.05

a The length (m) and the diameter (mm) of columns are given.

II

1.54
3.02
2.42
3.14

b In this column

fl/cm2 s'

I

0.17
0.17
0.17
0.17

-1

II

0.13
0.14
0.15
0.13

103C/s

I

5.7
8.3
6.4
4.3

II

6.0
10.0
7.1
4.5

, graphitised carbon black of the FT type was used (15

I

_

—
_

-

m 2 g- ' ) .

1

II

1.41
1.26
1.64
0.91
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Methods for the production of an adsorbent layer
on the inner surface of a capillary column

Scheme 1

Suspension method
Production of an adsorption layer
using a suspension of an adsorbent

Dynamic method for the
application of an
adsorption layer
from a suspension24

Chemical method
Production of an adsorption layer
by the synthesis of an adsorbent on the
inner surface of a capillary

Chemical treatment
(etching) of the material
of the walls18

Static method for the
application of an
adsorption layer
from a suspension89

Synthesis of an adsorp-
tion layer from added
reactants not involving
the material of the
column101

Mechanical method
Production of an adsorption layer
by introducing dry adsorbent into a
capillary column during
drawing of a capillary from a wide tube

Use of a semi-finished
glass tube containing
a thermally stable
fine-grained adsorbent10*

Insertion of a
filamentary adsorbent
into a column during
the production
of a capillary109

(3) a method should ensure the possibility of preparing
capillary columns with reproducible characteristics;

(4) a method should be suitable for producing adsorption
layers based on various adsorbents;

(5) the procedure involved should take little time.
Development of a procedure satisfying all these requirements

is a fairly complicated task involving various aspects.
The characteristics of the known methods for the preparation

of open tubular adsorption capillary columns are shown in
Scheme 1. It can be seen that three main techniques have been
described to date, namely, suspension, chemical, and mechanical
(construction) technique in which dry sorbent is introduced into a
glass tube during the production of a capillary.

1. Suspension technique
The suspension method is similar to that used to apply a
stationary liquid phase onto the inner walls of a capillary
column. An, adsorbent is dispersed in an appropriate liquid
medium and introduced into a column as a suspension, and the
volatile-liquid is then removed. As in the 'classical' procedure for
the deposition of a stationary liquid phase, dynamic and static
versions of the suspension method have been developed. The main
specificJeature of the latter is heterogeneity (or microheterogene-
ity) of the system introduced into a capillary in order to prepare an
open tubular adsorption column. In this case, the suspension
which migrates along the capillary is a non-newtonian liquid,
which often exhibits clear-cut thixotropic properties. During the
flow of this liquidj the:particles are segregated according to their
sizes, in conformity.withVthe regularities of flow chromatography
in a force field.74"78 As a result, the rheological properties of the
suspension vary during the application or during the filling of the
column and hence, it is difficult to obtain an adsorbent layer which
is uniform over the whole length of the capillary.

Nevertheless, the suspension method has been used even in the
earliest works on the capillary adsorption chromatography. For
example, silica has been applied onto the inner surface of
polymeric, copper, or steel capillaries with lengths ranging from

4 m to 400 m and with an internal diameter of ~0.5 mm.24-75-79 It
was noted that the use of suspensions containing micron-size
particles is associated with some difficulties and that colloidal
solutions of silica are preferred. Schwartz et al.24 used a 22% sol of
silica in a water-isopropyl alcohol system. After removal
(evaporation) of the dispersion medium, a thin layer of solid
silica remained on the inner walls of the capillary. The workers24

did not mention whether a suspension stabiliser, which is usually
present in systems of this sort, has remained on the silica particles
after drying. Apparently, surfactants, which are used as stabilisers
of suspensions, modify the surface and, consequently, have an
influence on the retention.

The particle size in these sols does not exceed 0.02 nm;
therefore, the adsorption layer has a large specific surface area.
A column produced by the suspension method was used to
separate pentane and hexane isomers. However, the specific
efficiency of the column, calculated from the chromatograms,
did not exceed 100 theoretical plates per metre. In all probability,
this low efficiency is due to the fact that the solid sorbent particles
are nonuniformly distributed over the inner surface of the column.
This is a result of the disadvantages peculiar to the dynamic
method (fluctuations of the velocity at which the suspension
meniscus moves and instability of the film formed), as well as of
some specific features of the suspension.

Schwarz et al.79-81 have prepared adsorption columns using
larger silica particles (~4 nm) with the surface modified with an
organic surfactant, because the use of adsorbent particles with a
size not exceeding that of colloidal particles can lead to the
formation of a dense adsorption layer, which substantially
hampers mass transfer.

The modified silica was applied by the dynamic method as a
7.5% suspension in n-hexane. The glass capillary column thus
formed with a length of 120 m and with an inner diameter of
0.5 mm permitted separation of 13 isomeric C 5 - C7 hydrocarbons
over a period of 18 min. The specific efficiency of the column
determined in relation to 2,4-dimethylpentene was 550 theoretical
plates per metre.79"81
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In the early 60s, the dynamic method for the application of a
solid support was used by the Perkin-Elmer company for the
commercial production of copper gas-liquid capillary columns
with a length of 15 - 30 m and 0.5 mm in diameter, meant for quick
analysis of light gaseous hydrocarbons.82

Capillary adsorption columns with graphite have been
obtained by application of graphitised carbon black by the
dynamic method.19'20 15 m long copper columns with an internal
diameter of 0.25 mm, the inner surface of which was coated with
silver, were treated with a suspension of carbon black prelimi-
narily graphitised at 3000 °C. The suspension was prepared by
intense stirring (8000 rpm) of a mixture consisting of 15 g of
carbon black, 220 ml of trichlorotrifluoroethane, and 30 ml of
tetrachloromethane. Thus, the dispersion medium of this suspen-
sion had a density of ~1.5 g cm~3. The high density of the
dispersion medium made it possible to obtain a fairly stable
suspension, which passed through a column without aggregation
of particles. The surface area of the capillary column thus
obtained was 0.2-0.8 m2, which made it possible to separate all
the isomers of heptane at 245 °C.19

Ultrasonic treatment of graphite suspensions has been pro-
posed in order to increase their stability.71'83-84 A suspension
consisting of 0.25 g of Carbopack A, 5 ml of dichloromethane,
and 20 ml of tetrachloromethane was sonicated (frequency 20 to
24 kHz and amplitude 2 um). The optimal time of irradiation was
40 min. The suspension thus prepared was passed through a column
at a velocity of 0.6 ml min ~' in both directions. The glass capillary
column used was 10-15 m long and 0.4-0.5 mm in diameter.

A suspension of graphitised carbon black 'Sterling MT'
prepared in a similar way has also been used for the production
of an adsorption capillary column. The suspension was passed
through a column with a reduced pressure at the outlet. This was
possible, because the suspension had a low viscosity, due to the
fact that its concentration did not exceed 1%.84 However, the
amount of the sorbent applied in this way proved insufficient to be
used efficiently in the adsorption variant of chromatography.
Therefore, the layer thus formed was used as a solid support for a
stationary liquid phase, i.e. in the absorption-adsorption variant
of chromatography.

Purcell85 has used the dynamic method to prepare a column
coated from the inside by a layer of 5 A molecular sieves with a
particle size of up to 20 um. Later, the 'Chrompack' company has
started the production of columns with molecular sieves applied
by the dynamic method.41 The most interesting results on the
application of an adsorbent layer by the dynamic method have
been obtained with alumina suspensions.

The first attempt along this line was undertaken by Kirkland,21

who used AI2O3 as the fibrous mineral boehmite. Microscopic
studies have shown that an elementary fibre of this mineral has a
length of ~ 1000 A and a diameter of 50 A; the fibres are joined in
aggregates ~ 2 um in diameter. The specific surface area of this
sorbent is 275 m2 g"1 . To prepare an adsorption column, a 7%
aqueous sol of boehmite was injected into a glass (or stainless-
steel) capillary of length 10 m and with an inner diameter of
0.25 mm (or 0.5 mm). When the suspension was passed and the
adsorption layer was dried, the capillary column was ready for
use. This column made it possible to separate a number of Freons;
however, its efficiency was not very high.

The dynamic method for the application of AI2O3 has been
developed further by Schneider et al.86 They noted the following
advantages of glass capillary columns, the walls of which are
coated by an alumina layer, over metallic capillaries: (1) the
adsorption activity of the walls of the columns is low; (2) finely
powdered alumina is readily applied onto a glass surface without
any fixing agents and forms thin layers, which do not fall off the
walls even when the capillary is deformed within its elasticity
limits; (3) the process of application and the quality of the column
can be monitored visually; (4) glass capillaries of any size can be
easily produced in a laboratory.

The following procedure can serve as an example of filling a
capillary column. The suspension is prepared by mixing 20 g of
alumina (obtained by calcination of aluminium hydroxide with
particles no larger than 2 um) with 70 ml of a 5% colloidal solution
of AI2O3 and with 0.3 ml of glacial acetic acid. The resulting
suspension is exposed to ultrasound, filtered through 300 mesh
sieves, and allowed to stand for 24 h for maturing. The suspension
thus obtained possessed thixotropic properties.

The use of a colloidal solution of alumina provides a disper-
sion medium with high density and viscosity, which increases the
stability of the suspension. In addition, colloidal particles of
alumina cement large particles of the sorbent and thus fix them
additionally on the capillary surface.

Prior to the application of AI2O3, the capillary column is
washed with 1 % acetic acid. For the deposition of an alumina
layer onto the inner walls of the column, the suspension is pressed
through a capillary at a velocity of 4 ml min"1. At this rate, 0.6 ml
of the suspension is sufficient to coat 15 m of the column. As the
final stage of the process, the column is stored for 10 h and is
subsequently dried at room temperature in a flow of nitrogen. A
65 m long column of diameter 0.4 mm is dried for a week at a
nitrogen pressure of 0.3 MPa at the inlet.

After drying, the column is activated for 3 h at 300 °C. The
column thus obtained has been reported87 to contain ~ 6 mg of
AI2O3 per metre. The quantity of the sorbent can be varied over a
relatively wide range by varying the viscosity of the suspension,
the velocity at which it is pressed through the column, or the
volume of the suspension introduced in one portion.

To decrease the adsorption activity, the column is washed
twice with a 2% solution of potassium chloride. After repeated
drying and heating, the column is ready for use. The columns
obtained in this way are sufficiently efficient for the separation of
various substances. For example, their efficiency with respect to
the peak for 3-methylbut-l-yne (the capacity factor is 7.1) is
700 tp m~'. Altogether more than 50 light hydrocarbons present
in a gas mixture in concentrations of about 1 part per billion each,
were separated under isothermal conditions at 130 °C. A similar
procedure for the application of an adsorbent onto inner walls of
the column has been employed by de Nijs35 to prepare quartz
capillaries, which have been widely used for capillary columns in
recent years. The application by virtue of the dynamic method
requires using concentrated suspensions, since the amount of an
adsorbent remaining in the column is only that contained in the
thin film formed after passing the suspension. It is of interest that
when a suspension prepared from spherical silica gel particles with
a diameter of ~ 5 um, meant for high performance liquid
chromatography (HPLC), is passed through a column, only a
loose monolayer of silica gel particles covering only 50% of the
whole inner surface of the capillary is formed.

Preparation of capillary columns containing a barium sulfate
layer (a solid adsorbent) on the surface has been reported.87

Barium sulfate (which is an ionic adsorbent) is known to exhibit
high selectivity in the separation of polar organic compounds.88

The barium sulfate used as the adsorbent in open tubular
capillary columns was prepared separately by the reaction
between 1.5 M solutions of barium chloride and sodium sulfate.
The precipitate was filtered off and washed, until chloride ions
were no longer detected (5 = 10.2 m2 g"1). Barium sulfate was
applied onto the inner walls of a capillary column (Pyrex) by the
dynamic method. The solvent was removed and then the columns
were conditioned at a temperature programmed to increase to
250 °C. Since the asymmetry As of the columns obtained
amounted to 4.5 with respect to benzene, they were modified by
a dynamic method using small amounts of poly(ethylene glycol)
(Carbowax 3000) and polydimethylsiloxane (E-301). After
modification, the efficiency of the columns sharply increased
(from 900 to 2500 t p m - 1 ) and the chromatographic zones
became more symmetrical. The retention of compounds in this
column is caused by both adsorption and absorption processes.
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Figure 7. Arrangement for the production of open tubular adsorption
capillary columns by applying an adsorbent to their hmer walls using a
high-pressure static method.89

(7) Air thermostat, (2) heater, (3) thermometer, (4, 4') reels, (5) electric
motor, (6) connection, (7) capillary tube, (8) heated metallic unit.

To increase the thickness of the layer, attempts have been
made to use the static variant of the suspension technique.
Horvath89 has constructed a special device (Fig. 7) for this
purpose. A metallic capillary column was completely filled with a
suspension of a sorbent in a volatile solvent; then one of the ends
of the column was closed, while the other end was introduced into
an air thermostat heated to 90-150 °C (through a metallic unit
heated to 200-250 °C). The volatile liquid was evaporated in the
metallic unit, and its vapour did not condense owing to the high
temperature.

A similar device modified by Mistryukov et al.30 has been used
by Guiochon et al.90 for the preparation of an open tubular
capillary column containing 'Sterling FTG' graphitised carbon
black. Initially, a 5% suspension of carbon black in dichloro-
methane was prepared. When squalane (0.05%) was used as the
stabiliser, this suspension was stable over 24 h. This procedure
makes it possible to apply 10 mg m ~ ' of the sorbent. A mixture of
o-, m- and p-xylenes was separated at 165 °C in columns
(19 m x 0.5 mm). The use of a 20% suspension of carbon black
and a high-pressure static method made it possible to increase the
thickness of the layer to 20 um.91

A simple method for the production of adsorption capillary
columns has been proposed.92 Silica particles (5 um) and carbon
particles were suspended in a solvent, together with polydime-
thylsiloxane. The suspension was passed through a column
(25mx0.32mm), then the column was dried and heated. This
gave a very stable layer.

Using the device proposed by Horvath,89 Ettre et al.31 have
manufactured a capillary column containing a layer of Johns-
Manville diatomite with an average thickness of 60 urn. In view of
the fact that a sorbent with a particle size of 10 um was used, it can
be inferred that it was possible to deposit ~ 6 layers of the sorbent
in one entry. Apparently, this result could not be achieved by the
dynamic method. However, the static procedure also suffers from
some drawbacks. First of all, the necessity to fill capillaries with a
suspension should be regarded as being a drawback, i.e. this
method, too, does not make it possible to avoid movement of a
suspension along the tube. Consequently, the structure of the
suspension is disturbed, particles are combined into aggregates,
which are nonuniformly distributed along the column, and this
leads to the formation of an inhomogeneous layer and decreases
the efficiency of the separating system. In addition, this method is
applicable only to volatile dispersion media, which usually possess
low densities.

2. Chemical synthesis of an adsorbent on the inner surface of
a capillary column
Conduction of chemical reactions yielding adsorbents directly in a
column has been employed already in the early papers dealing
with the preparation of open tubular capillary columns. A
possible advantage of this method is that the preparation of an
adsorption layer does not require using suspensions and involves
only homogeneous reagents, which easily fill the whole column
and can be easily removed from it. In addition, this technique
provides the possibility of repeating the reaction in order to
increase the thickness of the adsorption layer.

a. Etching of a capillary
The first attempts to use the technique under consideration
involved preparation of a sorbent by a chemical transformation
of the material from which the column was produced. This
approach has been used most widely in relation to glass columns;
in this case, etching or leaching of the walls by various procedures
affords layers of adsorption-active silica gel.

The first results obtained by this approach have been pub-
lished in a number of papers. 16~18'93 Kiselev et al.93 have separated
gaseous hydrocarbons Ci -C4 in column (10m x 0.5 mm), which
had been preliminarily treated for a short period with 0.1 M H O
and then washed with distilled water.

Mohnke and Saffert17'18 have filled a capillary of length 80 m
with a diameter of 0.27 mm with a 17% solution of ammonia,
sealed both ends of the column, and kept it for 70 h at 170 °C.
After that, the liquid was removed, and the column was dried at
190 °C in a flow of a carrier gas. This procedure yielded a ~ 20 |im
thick adsorption layer on the inner surface of the capillary. The
column thus produced was used for the separation of isotopes and
nuclear spin isomers of hydrogen.

Alkaline etching of glass has also been used by other
researchers.28-94"96 Their procedure involved treatment of the
walls of a column with a 20% solution of NaOH for 6 h followed
by activation in a flow of nitrogen at 200 °C. The columns thus
produced proved suitable for the separation of oxygen and
nitrogen isotopes.

The production of open tubular capillary columns, containing
an internal porous layer with a fixed thickness, by etching has been
patented.97'98 Initially, a two-layer column was produced from a
two-layer half-finished article consisting of two coaxial tubes. The
outer tube was made of a chemically stable glass, while the inner
tube was made of a chemically less stable sodium borosilicate
glass. The resulting two-layer capillary was treated with alkali,
which led to almost complete leaching of the inner glass layer. The
porous glasses thus obtained were used as adsorbents in a
capillary column. Porous glasses are known to be used success-
fully in gas chromatography (see for example Ref. 99).

Similar procedures have been proposed for covering the inner
surface of a column with alumina (keeping aluminium capillaries
in a flow of oxygen23) or with copper(ll) oxide (treatment of
copper capillaries with 40% HNO3 followed by oxidation with dry
oxygen).100

The known methods for chemical treatment of capillary walls
are facile but not versatile and are limited only to glass (or, more
rarely, to metallic) columns. In addition, the composition and
properties of the resulting adsorption layer are markedly dependent
on the composition of the material of the column, which can vary.

b. Synthesis of an adsorbent inside the column
A variety of adsorbents (and capillary adsorption columns) can be
obtained by synthesising them inside the columns. The walls of the
column are not involved in these processes. An example is
provided by the reported101 synthesis of an inorganic adsorbent,
crystalline barium carbonate, on the walls of a capillary, which
makes it possible to obtain a markedly more extended surface.
This method has been applied successfully to a quartz capillary
column.102
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Apparently, a similar method can also be used for the prepara-
tion of capillary columns containing barium sulfate (as an adsor-
bent). First, barium hydroxide is applied to the inner surface of a
column and then gaseous sulfur trioxide is passed through it.

Recently, a method for the production of a capillary column
containing an adsorption silica layer has been proposed. The
method is based on hydrothermal treatment of a sol of silica
directly in a capillary column.103 A capillary is filled with a silica
sol, then a part of the sol (15% -20% in the case of glass columns)
is displaced from the column by a compressed gas, in order to
avoid damage of the column during its subsequent heating; then
both ends are hermetically closed, and the column is kept in a
thermostat at 180-210 °C for several hours. Under these condi-
tions, a silica film forms on the inner surface of the column; this
results from two processes occurring in parallel, namely, dissolu-
tion of small particles of the sol and polymerisation of silica gel on
the surface of the column having a large radius of curvature.
Washing and drying afford a stable and relatively uniform coarse-
pored layer of silica, which is not washed out from the walls. The
thickness of the layer depends on the concentration of the sol and
on the duration of treatment. The optimum concentration of the
sol is 0.1 % -1 .5%. At higher concentrations, the thickening of the
silica film on the surface ceases, and coagulation of the sol in the
bulk occurs instead. When the sol concentration is lower than
0.1 %, dissolution predominates, and the silica film does not form
at all. Under the conditions specified, the treatment of the column
should last for 5-11 h. Heating for a longer period does not lead
to any substantial increase in the layer thickness, since the rate of
polymerisation markedly decreases at the end of heating. Shorter
heating results in the formation of a very thin layer with low
adsorption activity. The columns obtained in this way can be used
advantageously for quick analysis of light hydrocarbons.103

Volkov et al.104 have proposed a simple method for producing
an adsorption layer based on magnesian cement.

It is noteworthy that the technique involving synthesis of an
adsorbent inside a capillary has also been used to produce
adsorption capillary columns with organic hydrophobic adsor-
bents.105

3. Mechanical method (formation of an adsorption layer
during production of a glass capillary)
When a glass capillary is manufactured, a ready-for-use sorbent
can be introduced into it without being converted into a suspen-
sion. Since a capillary is drawn from a relatively wide tube, a
sorbent can be easily placed into it before drawing.

Halasz and Heine106 have produced in this way columns with
alumina. In order to preserve an open passage inside the column,
they inserted a steel wire 1 mm in diameter into it. As the tube was
drawn, alumina particles were captured by the softened glass. The
resulting 2 m long column was an intermediate version between a
packed column and an open tubular capillary column and exhibited
a relatively high efficiency, 3500 tp m""1 with respect to ethylene.

In a later modification of this technique, the diameter of the
wire was diminished to the size of the inner passage in the column,
and the wire itself passed through the area of softening and ended
in the capillary (Fig. 8). This design permitted the diameter of the
inner tube in the column and, hence, the thickness of the layer to
be exactly specified. For example, Grant107 has manufactured a
column with an inner diameter of the capillary of 0.3 mm and with
a 100 um thick alumina layer by using a 0.1 mm thick tungsten
wire. In this study, lithium chloride was used as a binding agent in
the preparation of the adsorption column. The height equivalent
to a theoretical plate for this column was ~0.5 mm.

Since this technique involves heating of adsorbents to high
temperatures (700-800 °C), the range of adsorbents used is
limited to thermally stable substances withstanding temperatures
up to the temperature of glass softening. Therefore, apart from
alumina, graphitised carbon black has been used. Goretti et al.108

has produced by this method capillary columns with a length of
~ 10 m containing 50-100 um thick layers of graphitised carbon

©
Figure 8. Arrangement for the production of open tubular adsorption
columns during drawing of a capillary from a wide tube.107

(7) Pyrex tube (outer diameter 9 mm, inner diameter 5 mm) filled with
particles of a solid packing material (support or adsorbent) and with
particles of anhydrous lithium chloride, (2) tungsten wire (diameter
0.3 mm), (J) the point of fastening of the tungsten wire, (4) feeding
rollers, (5) electric furnace, (6) the column with a sorbent layer on the
inner walls being produced, (7) pulling rollers.

black. The efficiency of the columns obtained was ~ 1500 tp m~' ,
their permeability being relatively high.

According to the interesting method proposed by Liberti et
al.,109 a graphitised fibre (7.5 -10 um in diameter) was inserted into
the initial tube. When this tube was drawn into a capillary by the
usual procedure, the fibre reeled out of the spool and entered the
capillary; as this occurred, a gap of 0.2-0.3 mm remained inside the
capillary. The length of the column thus obtained varied from 1.5 to
10 m, and the inner diameter varied from 0.4 to 0.5 mm.

In our opinion, application of an adsorption layer during the
production of a glass capillary from a wide tube is among the most
promising techniques; however, it also suffers from some draw-
backs. Firstly, it is applicable only to thermally stable adsorbents
(for example, polymeric adsorbents cannot be used in this
method). Secondly, to obtain a tightly fixed adsorption layer, a
specific binding material should be selected for each type of
adsorbent and for each material of the column. Thirdly, in the
case of sorbents, which are unstable in air at high temperatures,
the process must be conducted under an inert atmosphere, which
complicates the apparatus used.

The method for the production of open tubular adsorption
capillary columns by synthesising sorbents directly in the capillary
permits the simultaneous solution of two problems — preparation
of the sorbent and its fixing to the walls. However, it is applicable
to a limited range of adsorbents.

In our opinion, the suspension method is most universal as
regards the preparation of open tubular capillary columns.
However, in this method, too, the problem of fixing an adsorbent
on the inner walls of a capillary column has not been solved. The
way of fixing and the substance suitable for this purpose should be
specially selected. What particular method is optimum in each
case depends apparently on the type of sorbent used and on the
material of the column.

In conclusion, it should be noted that the problem of the
preparation of open tubular capillary columns with walls coated
by an adsorption layer cannot be regarded as already solved. This
delays somewhat the application of the adsorption capillary
chromatography. Elaboration of new methods for the prepara-
tion of highly efficient open tubular capillary columns is a basic
challenge in the development of capillary gas adsorption chroma-
tography.

VI. The use of open tubular gas-solid capillary
columns
At present, gas-solid capillary chromatography is widely used in
analytical practice. The area of application of gas adsorption
capillary columns is constantly extending. In 1995, columns of this
type were presented at the Pittcon-95 workshop by four well-
known companies from the USA alone (Table 4). However, the
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Table 4. Some characteristics of new capillary gas adsorption columns
presented at the Pittcon-95 workshop.110

Sorbent Thickness
ofthesorp-
tion layer
/um

Dimensions Notes
of the column*
/mxmm

Carboxen-1006 column from Supelco

Carbon - 30 x
molecular x 0.32 (0.53)
sieves,
S = 750m 2 g- 1

Gas-Pro-GSC column from Astec

Not indicated - (5 -60)x
x0.32

Separation of
permanent gases and
Ci - C3 hydrocarbons,
temperatures of up to
250°C

C10 and lighter hydro-
carbons; carbon, sulfur,
and nitrogen oxides; sul-
fur and halogen-
containing organic
compounds, permanent
gases

HP PLOT Molsieve column from Hewlett-Packard

5AMole- 12.50 Various
cular sieves

RT Molsieve 13X column from Restek

13 X Mole- 1.2-4.0 (15;30)x
cular sieves x (0.32; 0.53)

RtD PLOT column from Restek

Divinyl- 2 30x0.53
benzene

Supel Q PLOT column from Supelco

Divinyl- - 30 x
benzene x (0.32; 0.53)

Permanent gases, sepa-
ration of argon and oxy-
gen at ambient
temperatures, separa-
tion of krypton and
nitrogen

Permanent gases, 13X
molecular sieves
ensure faster and
more effective
separation than
5A molecular
sieves

Permanent gases and
hydrocarbons, sepa-
ration of air, carbon
dioxide, light hydro-
carbons, natural
gas

Ci -C10 hydrocarbons,
chlorofluorohydro-
carbons, sulfur-contain-
ing gases

a The length (m) and the diameter (mm) of the columns are given.

current level of practical application of open tubular capillary
columns is far from their real potential. While developing new
analytical procedures, one should take into account the advan-
tages and the limitations of the gas-adsorption chromatography
(see above). The adsorption capillary chromatography is a hybrid
method combining the advantages of the adsorption and capillary
versions of chromatography.

Considering the advantages of capillary columns over packed
columns, only the higher efficiency of the former is often
mentioned. At the same time, capillary columns are also charac-
terised by higher rates of separation (quicker analysis), by more
reproducible temperature regimes, by small sizes of the apparatus

needed, and by lower consumption of carrier gases and sorbents;
they also extend the field of application of gas adsorption
chromatography, due to lower separation temperatures.

In order to select the optimum conditions while developing a
procedure for separation, it is expedient to consider a plot that
makes it possible to estimate quickly the number of theoretical
plates needed (and, hence, the length of the column), if the
selectivity and capacity of the adsorbent used are known.

Figure 9 shows the dependence of the number of theoretical
plates needed for separation (Nr) on the selectivity of the sorbent
used (a) for compounds characterised by different capacity factors
(*):

NT = cp[(ot- l),f2]. (25)

The influence of the capacity factor is reflected in this plot by
the following function

(26)

each f2 value being matched by a particular curve:

JVr = cp[(o-l),f2] = const. (27)

Let us consider an example of practical application of the plot
shown in Fig. 9. Assume that we have to determine the number of
theoretical plates needed to separate two components with a =
1.05 and KT> = 100 in a column with /? = 40. For this pair of
compounds, f2 = 2. For the characteristic curve f2 = 2, the point
a - 1 = 0.05 on the abscissa in Fig. 9 corresponds to the point
NT — 16000 theoretical plates on the ordinate. Thus, we deter-
mined the desired efficiency of the column, which is needed to
separate the pair of compounds in question.

0.01 0.02 0.05 0.1 0.2 0.5 1.0 1.5 2.0 a - 1

Figure 9. Graphical determination of the number of theoretical plates
N,, needed to separate a pair of compounds, depending on the selectivity
of the sorbent a and the parameter f 2, which is determined by the capacity
factor fc.1"
The numbers on the curves give the magnitudes of f2.
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An important field of practical application of gas chromato-
graphic analysis is the analysis of impurities.13>52i61>63>112 Sensitiv-
ity (detection limit) is often a crucial characteristic of a method
used for this kind of analysis. As samples become larger, the
sensitivity of determination increases, but the efficiency of the
column simultaneously decreases. Therefore, the dependence of
the efficiency (i.e. of the HETP) on the size of the sample being
analysed is of practical interest regarding the optimisation of the
separation conditions, since to achieve a higher sensitivity, the
samples subjected to analysis should be as large as possible.

The dependence of HETP on the size of the sample in the
capillary chromatography determines whether a capillary column
without a flow splitter can be used, and also whether the use of a
particular column in the traditional methods for the determina-
tion of impurities would be expedient. The dependence of the
chromatographic zone broadening on the size of die sample under
analysis has been discussed in a number of studies (see for example
Refs 61,63,112).

It would be convenient to evaluate this dependence quantita-
tively using a linear equation relating HETP to the size of the
sample. An equation of this type has been proposed."3 It is in
satisfactory agreement with the experimental results obtained for
open tubular capillary columns containing a stationary liquid
layer (as an adsorbent) and for packed capillary columns.1 u

The dependence of the efficiency of a column on the size of the
sample under analysis has been studied in relation to an open
tubular gas adsorption column with alumina-coated inner walls
(produced by 'Chrompack').43 The experimental results were
processed in terms of the following equation:113

XW, (28)

where Ho is the limiting HETP value corresponding to the sample
size approaching zero, A is a constant determined by character-
istics of the system in question; Wis the size of the sample injected
into the column (or a quantity proportional to it). Eqn (28) makes
it possible to determine both the Ho value and the variation of Has
a function of W.

The dependences y/H = *P( W) corresponding to Eqn (28) and
obtained in experiments with the same open tubular capillary
column but using different methods for the injection of the sample
(with and without a flow splitter), are shown in Fig. 10. The plots
of HETP against the size of the sample in these coordinates are
linear, which experimentally confirms Eqn (28). When the sample
is introduced with a flow splitter, the efficiency of the column
increases (the \fS value decreases). However, as regards the
increase in the sensitivity, the least flow splitting (i.e. the least
possible discharge) or even no splitting are desirable.

•/H/mm112

1.5

1.0

0.5

0.5 1.0 109 W/mol

Figure 10. Dependence of \/H on the size of the sample under analysis for
n-butane in an open tubular capillary adsorption column with inner walls
coated with alumina, the sample being injected without a flow splitter (I)
and with a flow splitter (2).43

A 50 m x 0.32 mm quartz column from Chrompack (Netherlands) with an
alumina layer and a flame ionisation detector were used; T = 100 °C.

Note that irrespective of the method used for the injection of
samples (with or without a flow splitter), the limiting value of the
efficiency of the column Ho is nearly the same. This specific feature
of the dependence observed is additional evidence for the validity
of Eqn (28).

The results obtained indicate that an open tubular packed
column with inner walls coated with an adsorption layer can also
be used in a gas chromatograph without a flow splitter (although
in this case, the efficiency markedly decreases). However, the
decrease in the efficiency is not very significant for a fairly broad
range of analytical procedures.

At present, gas adsorption chromatography is used most
frequently for the analysis of volatile compounds with various
isotope compositions, of inorganic and organic gases, of volatile
organic polar compounds, and of aqueous solutions of organic
compounds.

The separation of nuclear spin isomers and isotopes of
hydrogen18 was the first prominent example of the practical
application of the adsorption capillary chromatography (see
Fig. 2). Later, it has been shown that the time required for the
separation of the nuclear isomers of protium and deuterium could
be shortened by decreasing the temperature of the column to
47 K.115

Oxygen isotopes (I6O2 and 18O2) have been separated in an
adsorption capillary column96 (Fig. 11). The adsorption layer on
the inner walls of a glass column was produced by etching the walls
with 20% NaOH for several hours at 100 °C. When this process
was prolonged enough (more than 4 h), clear separation of the
isotopes was achieved. The efficiency of the capillary columns
used was ~ 350000 theoretical plates. A mixture of nitrogen
(65%) and helium (35%) was used as the carrier gas.

16Q

254 256 258 x/min

Figure 11. Chromatogram for the separation of a mixture of 16C>2 and
18C>2 isotopes in an adsorption glass capillary column(175 mx0.3 mm) at
77 K, and with the N2 (65%)-He (35%) binary carrier gas.96

Nitrogen isotopes (14N2 and 15N2) have been separated by
Cartoni and Possanzini94 in an open tubular gas adsorption glass
capillary column, the inner walls of which had been etched in
order to produce an adsorption layer. The procedure for the
preparation of this column has been reported.95

Figure 12 shows the chromatogram for the separation of the
nitrogen isotopes. The experiment lasted for ~ 3 h; however, only
partial separation was achieved. It is obvious that the separation
can be markedly improved, for example, by optimising its
conditions.116

It is noteworthy that the nitrogen isotopes have been separ-
ated on a sorbent with a very low selectivity (a = 1.006). A
mixture of helium and carbon dioxide (45%) was used as the
carrier gas, the latter also acting as a modifying agent for the
adsorption layer of silica coating the walls of the column.

A sharp separation of neon isotopes (^Ne and ^Ne) has been
achieved by Purer et al. ' '6 at a low temperature (19 K). The height
equivalent to a theoretical plate for the glass column used
(82m x 0.28mm) amounted to 0.8 mm at k = 0.8 and a = 1.06.
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14N2

170 175 180 T/ min

Figure 12. Chromatogram for the separation of nitrogen isotopes.94

An open tube glass capillary column (175 m x 0.28 mm) with walls coated
by an adsorption layer obtained by etching and a mixture of helium and
carbon dioxide (45%) as the carrier gas were used; T = 11 K.

Complete separation of neon isotopes can be achieved if a shorter
column (45 m) is used.

To obtain the adsorption layer on the walls, the initial
capillary was etched with 10% sodium hydroxide for 6 h at
100 °C according to the procedure proposed by Brunner and
Cartoni.28 It has been reported116 that mixtures containing 21Ne
can also be separated by this procedure.

The separation of hydrogen isotopes18 has certainly stimu-
lated studies aimed at the separation of isotopically substituted
molecules of organic compounds.

Figure 13 presents a chromatogram obtained for the separa-
tion of methanes with different isotopic compositions.27 It is of
interest that not only the methane molecules containing different
hydrogen isotopes but also those with different carbon isotopes
were separated in this experiment. Thus, we can agree with the
opinion stated sometimes that a chromatograph is also a simple
and cheap mass spectrometer.

CH3T

14CH4 CHT3 CT4

deuteriotoluene has been reported.108 This was accomplished on a
capillary column with a layer of graphitised carbon black.

The above examples indicate that adsorption capillary col-
umns can be successfully used for the separation of isotopically
substituted compounds. Further studies along this line will
substantially simplify tracer techniques.

The separation of inorganic and organic gases in capillary
columns is of great practical significance. In our opinion, capillary
columns with molecular sieves are the most promising. Purcell8S

was the first to use columns of this type for the separation of
permanent gases. An interesting example of using 13 A molecular
sieves for separation of hydrocarbons of various types in capillary
columns has also been reported.118"120

The procedure used currently for the separation of permanent
gases in an open tubular flexible quartz capillary column with
molecular sieves was apparently described for the first time by de
Zeeuw and de Nijs.121 Verga,122 who has used a similar column,
has demonstrated that columns of this type are suitable for solving
a number of practically important problems. He used a highly
sensitive helium ionisation detector. Fig. 14 shows the results of
separation of a standard mixture of permanent gases in helium
and of determination of carbon monoxide present in air in a
concentration of 2 - 3 ppm. It is noteworthy that oxygen and
argon (3 ppm) are clearly separated under these conditions at
35 °C.

Ar (3 ppm)

N 2 I I Kr O:

CH4

JL

H2

SF6

Li
r/min

CH3D CH2D2

12CH4
13CH4

CHD3

CD4

300 310 320 330 i/min

Figure 13. Chromatogram for the separation of deuterated and tritiated
methanes.27

The separation of methanes (see Fig. 13) was carried out using
an open tubular adsorption capillary column containing a silica
layer, which had been etched with a sodium hydroxide solution,
according to a previously described procedure.28 The column used
was fairly effective (70 000 theoretical plates), and the peaks were
symmetrical even at low temperatures. A mixture of helium (30%)
and nitrogen (70%) was used as the carrier gas. A clear separation
of tritiated methanes in a substantially more prolonged experi-
ment has been also reported.117

In our opinion, the use of adsorption capillary columns with
molecular sieves as the adsorbent holds the greatest promise for
the separation of isotopically substituted molecules. Separation of
molecules of gaseous compounds differing in the isotope compo-
sition is a promising branch of capillary gas adsorption chroma-
tography.

Some progress has been achieved in the separation of
isotopically substituted liquid organic compounds. For example,
separation of benzene and deuteriobenzene and of toluene and

H2 Ne

t/min 20 10 0

Figure 14. Chromatogram for the separation of a mixture of permanent
gases in helium at 35 °C (a) and for determination of carbon dioxide in air
at80°C(Z>).122

A 25 m x 0.32 mm column with 5 A molecular sieves was used.

Oxygen and argon as well as samples of methane differing in
the hydrogen isotope composition have been separated123 in a
capillary column with 5 A molecular sieves at room temperature.

Among the numerous fields of application of open tubular
adsorption capillary columns, space research should be men-
tioned. For example, for the studies dealing with the atmosphere
of Titan (a satellite of Jupiter), a procedure for the analysis of a gas
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Ar

He + Ne

N2

CO Xe

i l l C2H6

0 10 15 t/min

Figure 15. Chromatogram for the separation of a mixture of inorganic
and hydrocarbon gases in a quartz adsorption column.73

A 10 mx 0.53 mm column with 5 A molecular sieves was used (the
adsorption layer was 50 urn thick); T = 90 °C; hydrogen with a velocity
of 2 ml min~' at the outlet of the column was used as the carrier gas, the
flow spitting was 1:40, and a katharometer was used as the detector.

mixture simulating qualitatively the suggested composition of the
atmosphere of this satellite has been developed by Vanssay et al.73

(Fig. 15).
Analysis of mixtures of gaseous hydrocarbons and light

hydrocarbons is a practically important problem. Alumina is
widely used for the separation of these compounds. The analyt-
ical potential of columns containing alumina was demonstrated
for the first time by Schneider et al.8 6

A significant contribution to the perfection of columns of this
type has been made by researchers of the 'Chrompack' com-
pany.3 5"3 7 '4 1-1 2 4 In recent years, this company has been manu-
facturing open tubular capillary columns based on metallic
capillaries with an inert inner surface coated with a layer of an
inert material (Ultimetal column). Two modifications of these
columns containing alumina are produced; they differ in the salt
used for the modification.125 The columns containing AI2O3/KCI
are less polar than those with Al2C>3/Na2SO4. Chromatograms
obtained in the separation of a mixture of C1-C4 hydrocarbons
using columns of both types are shown in Fig. 16. It is advisable to
use the columns with Al2O3/Na2SO4 as the adsorbent for the
separation of a mixture of butenes.

Capillary columns with alumina are also used for the separa-
tion of light halocarbons. The data on retention obtained
experimentally for halo-derivatives of hydrocarbons in a capil-
lary adsorption column with AI2O3 ( 6 0 m x 0 . 3 2 m m ) have been
supplemented by the data on the retention obtained by calcula-
tions.126 The calculations have been mostly carried out by two
methods — correlation equations127 '128 and additive schemes.129

High resolving power of adsorption capillary columns with AI2O3
has been noted;126 the researchers were able to separate such
isomers as CF2CICF2CI and CF3CFCI2 (previous attempts to
separate these isomers in gas-liquid capillary columns have failed).

Adsorption capillary columns possess relatively high capaci-
ties; therefore, they are suitable for the analysis of impurities.

While considering the range of practical application of
capillary columns with alumina, one should mention the possibil-
ity of conducting fast analysis of gaseous hydrocarbons (the
analysis can take no more than 100 s).124 This is of special interest
for the purposes of industry.

Adsorption capillary columns are successfully used in com-
plex chromatographic systems for fast separation of mixtures
containing components with different boiling points.

The separation of complex multicomponent mixtures can be
substantially improved if sorbents, optimum for the selective
separation of individual fractions of the mixture (or even of
individual groups of compounds) are specially selected for each
particular case. Therefore, gas chromatographic systems with
adaptable structures have been used for a fairly long period in

4 5 + 6

10

13

nJ][l4 16 15

5.5 r/min

5 + 6
12 13

10 JLJULX
13

11
15

.16

5.5 t/min

Figure 16. Chromatogram for the separation of Ci -C4 hydrocarbons in
special metallic capillary columns with AI2O3/KCI (a) and AhOa

Peaks: (1) methane, (2) ethane, (3) ethene, (4) propane, (5) cyclopropane,
(6) propene, (7) isobutane, (8) butane, (9) propadiene, (10) acetylene,
(11) trans-but-2-ene, (12) but-1-ene, (13) isobutene, (14) cis-but-2-ene,
(15) buta-l,3-diene, (16) methylacetylene. A 50 m x 0.32 mm column and
hydrogen as carrier gas were used, the temperature increased from 70 to
130 °C at a rate of 5 °C/min.

gas chromatography on packed columns, especially for industrial
purposes. These schemes make it possible to change automat-
ically, during the analysis, the order in which the columns are
connected and the direction of the carrier-gas flow in the
individual sections (or in the whole scheme) and also to include
individual columns into the scheme or to exclude them from it.
Thus, the conditions for the separation of individual groups of
compounds can be optimised, the time required for the analysis
can be shortened, and the stability of the operation of the columns
used can be increased.

The use of such schemes also in the capillary chromatography
would certainly be expedient and would markedly improve the
separation. The first gas chromatograph 'Siechromat' based on an
adaptable multicolumn scheme was developed by Siemens
(Germany). Fig. 17 shows two chromatograms obtained in the
separation of a mixture of Ci - Cg hydrocarbons in n-pentane with
this instrument. The boiling points and chromatographic charac-
teristics of the components of this mixture were essentially differ-
ent. Initially, this mixture was separated at 75 °C in an open
tubular capillary column (24 m x 0.27 mm), the inner walls of
which were coated with a modified clay (Bentone-34) impreg-
nated with di-wo-decyl phthalate. This main column ensured clear
separation of benzene (11), toluene (12), ethylbenzene (13),
p-xylene (14), m-xylene (IS), and o-xylene (16). The C1-C5 light
hydrocarbons were rapidly eluted from the column; therefore,
they were responsible for one common peak in the chromatogram.

Fast separation of light hydrocarbons was achieved by
injecting them into another open tubular capillary column
(80mx0.4mm), the inner walls of which were coated with a
layer of alumina modified with potassium chloride. The separa-
tion in this column was carried out at 15 °C. Light hydro-
carbons — methane (1), propane (2), propene (5), isobutane (4),
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Table 5. Reproducibility of retention values and concentrations of
components found in a mixture being analysed for an open tubular gas
adsorption capillary column from Chrompack.

r/min 6

Figure 17. General chromatogram for the separation of C , - C 8 hydro-
carbons in an open tubular capillary column (a) and the partial chromato-
gram for the fraction of Ci -Cs hydrocarbons (A).130

Experimental conditions 24 m x 0.27 mm columns with Bentone-34
impregnated with diisodecyl phthalate as adsorbent (a) and a
80 m x 0.4 mm column with alumina (b).

Compound

CO2

o2
N2

CH4

CO
C2H6

C2H4

C3H8

C3H6

iso-QHio
n-C4Hio
iso-C4Hg
C4H8

2-/rans-C4Hg
2-c«-C4Hg
Buta-l,3-diene
n-C^Hi?

Retention time

x/min

2.11
2.58
2.58

(HL\h

\5.54j
4.33
6.91
8.05
9.05

10.28
11.73
12.13
13.05
13.95
14.27
14.66
16.28
22.18

* ( % ) •

0.5
0.3
0.3

/ 0 . 2 5 \ b

0.25
0.15
0.12
0.10
0.12
0.10
0.10
0.10
0.10
0.10
0.10
0.09
0.08

Concentration

c,%

5.3
1.1
4.4

5.0

4.9
2.2
0.6
2.1
1.9
0.4
7.4
6.7
4.83

10.80
4.7

38.8
1.0

*(%)•

0.8
0.7
0.6

0.8

0.7
0.6
0.7
0.8
0.6
0.8
0.5
0.5
0.5
0.4
0.7
0.8
0.8

*R — mean square deviation from the average value. b The numbers
above the bar refer to a packed column, those below the bar refer to a
capillary column. The statistical data were obtained from 10 experiments
(calculations were carried out by the internal normalisation method).

n-butane (5), but-1-ene (6), trans-but-2-ene (7), butadiene (8),
isobutene (9), and cw-but-2-ene (10) — were separated in this
column. The separation in the two capillary columns occurred
simultaneously, the time required for the process in each column
not exceeding 6 min. This example clearly illustrates the advan-
tages of using adaptable multicolumn schemes in gas chromatog-
raphy and the possibility of increasing markedly the separating
capacity of capillary chromatography. These schemes make it
possible to gain a larger amount of chromatographic information
than a traditional single analysis.

Chromatographic schemes in which adsorption capillary
columns are used together with packed columns have also been
reported (see for example Ref. 131). Poy and Cobelli131 have
shown experimentally that the use of a gas chromatograph with a
flame-ionisation detector ensures fairly high reproducibilities of
the retention values and of the proportions of the components
determined for a mixture subjected to the analysis (Table 5). The
results obtained by these workers can be regarded as experimental
justification for using open tubular capillary columns for analyt-
ical and physicochemical purposes.

At present, porous organic polymers are used fairly frequently
as adsorbents in adsorption chromatography (especially for polar
compounds). '3 2- •33 Capillary columns with porous organic adsor-
bents have been used1 2 5 for the analysis of the following classes of
compounds: Q - C 5 alcohols, C2 -C7 fatty acids, C t - C 2 halohy-
drocarbons, C 1 - C 5 hydrocarbons, solvents, C 1 - C 5 aldehydes,
gases, mixtures of gases with water, C3-C8 ketones, and Ci - C 9
thiols.

The use of porous organic polymers as adsorbents offers a
number of advantages; the main of them are high homogeneity of
the surface with controllable (within certain limits) porosity and
hydrophobicity of particular types. Therefore, porous polymers
can be figuratively regarded as organic polymeric phases that have
come to a standstill.

Open tubular capillary columns containing a polymeric layer
on the inner walls were produced for the first time by Hollis,1 0 5

while the modern variant of these columns based on flexible quartz
capillaries has been developed by Dutch researchers of the
'Chrompack' company;39-125> I 3 4 the same researchers have also
developed special metallic capillary columns with polymeric
adsorbents.38 Fig. 18 presents three chromatograms obtained for
the separation of Ci - C 4 hydrocarbons using three different types
of columns. It is seen that the retention of hydrocarbons on the
organic adsorbent differs sharply from that on methylsilicone and
alumina; in the case of the organic adsorbent, groups of hydro-
carbons differing in the number of carbon atoms in their
molecules can be clearly distinguished. Examples of successful
separation of polar organic compounds in columns of this type
have been reported.38-39-123-125

Note that natural organic adsorbents can also be used in
capillary columns. Fig. 19 shows the results of the separation of
organic acids of natural origin on a natural polymer, Staphylo-
coccus aureus cells. A quite satisfactory degree of separation was
achieved. The use of natural adsorbents seems promising.

Gas capillary chromatography has been used for the separa-
tion of hydrocarbons and nitriles.136-137 Porapak Q and
AI2O3/KCI were used as adsorbents, a thin layer of which covered
the inner walls of a capillary column. Good results were achieved
with the PoraPLOT Q column (10 m x 0.32 mm); in the case of
the PLOT AI2O3/KCI column, nitriles are held tightly, some of the
peaks being asymmetrical.

Determination of buta-l,3-diene in air carried out using a
PLOT capillary column containing AI2O3/KCI (50 m x 32 mm)
has been described by Finnish researchers.138

Columns with traditional adsorbents, for example, with
graphitised carbon black, also find practical application. 'Struc-
tural sensitivity', which is manifested in the separation of isomers,
is a specific feature of graphitised carbon black used as an
adsorbent. This feature, which is very attractive for an analyst,
can be illustrated by the separation of hydrocarbons, the
chromatogram for which is shown in Fig. 20. All the three
isomers of xylene were separated in a capillary column with
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Figure 18. Chromatogram for the separation of a mixture of C1-C4
hydrocarbons in columns with polydimethylsiloxane (a), an organic

15 polymeric adsorbent (b), and alumina (c).125

For the designations of the peaks, see Fig. 16. The following columns were
used: (a) 50 m x 0.53 mm, CP Sil 5CB stationary liquid phase, T = 31 °C;
(b) 25 m x 0.53 mm, Pora PLOT Q, the temperature increased from 35 to

*- 150 °C at a rate of 10 °C/min; (c) 50 m x 0.53 mm, Al2O3/Na2SO4, the
T/min temperature increased from 70 to 150 °C at a rate of 3 °C/min.

11

graphitised carbon black. In another study,136 adsorption col-
umns with Carbopack B modified with a non-volatile liquid phase
have been used; these columns are usually called Carbon Layer
Open Tubular (CLOT) columns.

Graphitised carbon black can be used for the analysis of
mixtures of halohydrocarbons. The results of separation of some
halohydrocarbons in an adsorption capillary column (Carbo-
pack B + 1% SP 1000) are shown in Fig. 21.

11

Time

Figure 19. Chromatogram for the separation of unsaturated acids in an
open tubular capillary column in which Staphylococcus aureus cells were
used as the adsorbent.133

Acids: (1) 14:1 tetradecenoic; (2) 14:0 myristic; (3) 15:0 pentadecanoic;
(4) cA8 16:1 rij-hexadec-8-enoic; (5) cA9 16:1 cis-hexadec-9-enoic
(palmitic); (<5) cA10 16:1 cis-hexadec-10-enoic; (7) cA" 16:1 = <A9 16:1
cir-hexadec-11-enoic and fran.s-hexadec-9-enoic; (8) /A10 16:1 trans-
hexadec-10-enoic; (9) <A" 16:1 Zronj-hexadec-ll-enoic; (70) /A12 16:1
<ranj-hexadec-12-enoic; (11) 16:0 palmitic; (12) cA 17:0 cis-methylene-
hexadecanoic; (13) (A 17:0 Muu-methylenehexadecanoic; (14) 18:0
octadecenoic; (15) 18 :0 stearic.

Columns with graphitised carbon black are used mostly for
the separation of gaseous and relatively light hydrocarbons;
however, Brunner et al.141 have shown that they can also be used
for the determination of some herbicides in water.

A practically significant separation of halo-derivatives of
hydrocarbons in open tubular capillary columns containing a
layer of solid adsorbents on the inner surface of the capillary has
been studied by de Zeeuw et al.142 They showed that the PLOT
columns with AI2O3/KCI are very selective towards the separation
of volatile compounds of this type; however, proportions of some
of these compounds in the mixture changed during the elution.

8 16 T/min

Figure 20. Chromatogram for the separation of a mixture of aromatic
hydrocarbons in a capillary column with graphitised carbon black.139

(7) n-Octanol; (2) benzene; (3) n-nonane; (4) toluene; (5) /^xylene;
(<S) m-xylene; (7) o-xylene. A 30 m x 0.32 mm column with Carbopack B
was used; T = 60 °C; helium was used as the carrier gas.
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0 -r/min

Figure 21. Chromatogram for the separation of a mixture of halohydro-
carbons in a capillary column with Carbopack B modified with 1% of a
stationary liquid phase.140

(1) CFC 12; (2) CFC 114; (5) CFC 11; (4) C2H2C12; (5) CFC 113; (<5)
CH3CCI3; (7) CCI4; (8) C2CI4. A 32 m x 0.53 mm column was used;
hydrogen was used as the carrier gas, T = 30 °C (2 min) followed by
heating to 180 °C at a rate of 20 °C/min.

The use of capillary columns with the PoraPLOT Q adsorbent is
promising for the analysis of chlorofluoro-derivatives of hydro-
carbons.

Bruner et al.143 have developed a procedure for the determi-
nation of hydrocarbons and amines in a capillary column with
graphitised carbon black modified with various liquid phases.

Stationary liquid phases are widely used for the modification
of solid adsorbents in gas adsorption chromatography. The
retention in these systems can be described in terms of the
additive absorption-adsorption theory.144 In recent years, col-
loidal stationary liquid phases have been used in order to increase
the capacity of the columns and to change their selectivity.145'146

The field of application of gas adsorption capillary columns is
progressively extending, and the number of companies producing
these columns is increasing.147

Unfortunately, the use of open tubular adsorption capillary
columns in Russia is still limited, although these columns can be
manufactured in almost any chromatographic laboratory.148

The use of capillary gas adsorption chromatography makes it
possible to improve markedly the main characteristics of chroma-
tographic separation of volatile compounds (selectivity,
efficiency, speed, the area of application, etc.). Capillary gas-
adsorption chromatography is a modern version of the adsorption
chromatography, which makes it possible to take full advantage
of this earliest version of gas chromatography.

The wide experience accumulated by researchers from various
countries forms a strong basis for the extensive use of adsorption
capillary columns for solving numerous important routine prob-
lems.

From our viewpoint, in the future, attention should be
concentrated on the following branches of gas adsorption capil-
lary chromatography: the theory and optimisation of the separa-
tion conditions, reproducible methods for the manufacture of
capillary columns, and the extension of the number of various
selective adsorbents used in the capillary variant of chromatog-
raphy.

The author is grateful to Academician 11 Moiseev for useful
discussion and to the Scientific Council of the subprogramme
'Priority Branches of the Chemical Science' for supporting this
work.
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Abstract. The review surveys and gives a systematic account of the
electronic structures, syntheses, and chemical properties of fluoro-
alkyl derivatives of trivalent phosphorus (phosphites, thiophos-
phites, and amidophophites). The methods of preparation and
reactivities of fluoroalkyl phosphites are compared with those of
unsubstituted phosphites. The bibliography includes 420
references.

I. Introduction
Derivatives of trivalent phosphorus are of key importance in the
synthesis of a wide variety of organophosphorus compounds with
different coordinations at the phosphorus atom and exhibit in
most cases pronounced nucleophilic properties. This is associated
with the accessibility of the lone pair (LP) of the phosphorus atom
in the above derivatives and with the ease of their conversion into
compounds with a phosphoryl group.

Various aspects of the influence of alkyl-, alkoxy-, amido-, etc.
substituents on the reactivity of trivalent phosphorus compounds
have been described in fair detail in the literature, but there have
been no surveys of the influence of fluorine atoms, although a
number of questions, concerning, for example, the electronic
structures of fluorinated derivatives of P(III), have been dis-
cussed in monographs.'" 3

A systematic description of the syntheses and chemical
properties of fluoro-alkoxy-derivatives of trivalent phosphorus
and the identification and possible explanation of their character-
istic features compared with the unsubstituted analogues are the
subject of the present review.

V F Mironov Laboratory for Renewable Natural Raw Materials, Arbuzov
Institute of Organic and Physical Chemistry, Russian Academy of
Sciences, ul. akad. Arbuzova 8,420083 Kazan, Russian Federation.
Fax (7-843)275 22 53. Tel. (7-843)276 73 84
IV Konovalova, L W Burnaeva Department of Macromolecular and
Organoelement Compounds, Kazan State University, ul. Lenina 18,
420008 Kazan, Russian Federation. Fax (7-843)238 09 94
E N Ofitserov Department of Natural Science, Ul'yanovsk State
University, ul. L'va Tolstogo 42,432700 Ul'yanovsk, Russian Federation

Received 11 September 1995
Uspekhi Khimii 65 (11) 1013-1051 (1996); translated by A KGrzybowski

II. The influence of fluorine-containing
substituents on the properties of the P(IH) atom.
Photoelectron spectroscopic and electrochemical
data

The introduction of a fluorine atom into trivalent phosphorus
compounds almost always alters the properties of the derivatives
obtained compared with their nonfluorinated analogues,
although as a rule the fluorine atom in such derivatives is not a
reaction centre or a leaving group. In order to give a systematic
account of data concerning the influence of fluorine on the
properties of the P(III) atom, it is useful to examine four
conventional groups of compounds containing P and F atoms:
(1) compounds with a P - F bond; (2) compounds containing the
P - C - F fragment (the F atom occupies the oc-position relative to
the P atom — these are usually CF3 derivatives); (3) compounds
containing t h e P - E - C - F fragment, where E = C, O, S, Se, N,
etc. (the F atom occupies the P-position relative to the P atom); (4)
compounds with the P - E - C - C - F fragment (the F atom
occupies the y position relative to the P atom). The available
information about the reactivities of the first two groups of
compounds have been surveyed.4"9 The chemistry of the com-
pounds belonging to the third group, in which E = S, Se, or Te,
has been scarcely investigated. Among the compounds with
E = C, the pentafluorophenyl derivatives have been most thor-
oughly investigated.10 In compounds with P - E - C - C - F frag-
ments, the fluorine and phosphorus atoms are separated by four
bonds and the inductive effect of the fluorine atom on phosphorus
in them should be minimal. Nevertheless, experimental data
indicate an appreciable influence of the fluorine atoms on the
phosphorus centre in such compounds.

According to X-ray photoelectron spectroscopic data, the
replacement of a hydrogen atom by fluorine in an organic
compound leads to profound perturbations of the electronic core
of the molecule as far as the \s level of carbon. The binding energy
of the electrons of the carbon atom E(C\s) in the CFnH4_n

molecule then increases by ~2.7 eV for each fluorine atom
introduced.1 On passing from ethane to trifluoroethane
(CpH3—CF3), an additive increase in the binding energy for the
p-carbon £(Cplj) is also observed, although to a lesser extent than
in methane (from 290.7 to 292.1 eV).

The additivity breaks down when an oxygen atom is intro-
duced at the P-carbon atom. Thus, on passing from ethanol to
trifluoroethanol, £ ( C P 1 J ) changes by only 0.3 eV (from 292.5 to
292.8 eV), while on replacement of one hydrogen atom in
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CaF3CpH3 by OH groups, E(Cals) does not change
[E(Cals) = 297.8 eV]. It follows from these data that the mani-
festation of the inductive effect for C3 Is on passing from ethane to
trifluoroethane is almost five times greater (A = 1.4 eV) than on
passing from ethanol to trifluoroethanol (A = 0.3 eV). This
phenomenon is classified as the P-effect of the fluorine atom.11

CalculationsI2 yield a negative charge on the carbon atom in
the p-position relative to fluorine. Thus in ethane the charge on the
carbon atom is zero, while in CF3CH3 we have q°- = 0.60-0.72 e
and qc* = ( —0.09)-( —0.11) e, i.e. the presence of the fluorine
atom increases the electron density on the P-carbon atom and
diminishes it on the Ca atom. The consequences of the p-effect of
the F atom are particularly strikingly manifested, as will be seen
below, in the case of fluorinated alkoxy-derivatives of P(III). In
order to explain it, the concepts of hyperconjugation,1 l i l 3~1 5

antibonding orbitals,16'17 and the perfluoro-effectu have been
resorted to.

According to Davis et al.12 and Bock et al.,18 the effect can be
accounted for by the fact that the strong acceptance of electronic
charge by fluorine via the system of a-bonds is accompanied by
the reverse polarisation of the Tt-electron system or the CT* orbitals.
Overall, if the charges on the carbon atoms of ethane are zero, the
substitution of a hydrogen atom by fluorine leads to the appear-
ance of an effective positive charge of 0.24 e at the tx-carbon atom
and of a negative charge of —0.03 e at the P-atom; the charge on
the fluorine atom is —0.23 e. These features are fully retained for
ethene and benzene.1

By virtue of its small size (the van der Waals radius of fluorine
is 0.14 nm), close to that of the hydrogen atom (0.12 nm), the
fluorine atom is capable of substituting all the hydrogen atoms in
linear molecules. When all the valences of the carbon atom in the
carbon chain are saturated by fluorine atoms, the carbon skeleton
passes from the zigzag to the helical shape, whereupon the
electronegative fluorine atoms fully protect the carbon skeleton
against attack by nucleophiles.19-20 The helix exhibits a 180 ° twist
for each 13 carbon atoms. In a weakened form, this effect is
probably manifested also in fluoroalkyl phosphites, particularly
those with long fluorinated carbon chains.

In order to estimate the quantitative influence of fluorine on
various properties of the molecule, photoelectron spectroscopy
(PES) has been widely used together with X-ray spectro-
scopy.21"23 A characteristic feature of the photoelectron spectra
of organofluorine compounds is the absence of narrow (without a
vibrational structure) bands, typical for ionisation with participa-
tion of nonbonding MOs, although formally the molecules
contain a large number of fluorine lone pairs («F), whereas such
narrow bands are observed for the chloro- and bromo-derivatives.
The broad bands present in the spectra of organofluorine
compounds, frequently with vibronic structures, indicate that in
the organofluorine compounds there are no true «F orbitals. The
photoelectron spectra of fluoroalkanes, fluoroalkenes, and fluo-
romethyl derivatives of nitrogen subgroup elements, i.e. simple
and planar molecules, almost fully reproduce the photoelectron
spectra of hydrocarbon analogues, although they are displaced
towards higher ionisation potentials (IP). However, the effect of
the perfluoroalkyl substituent, postulated 24 and defined as a shift
towards higher IP (without changes in the sequence, energy
differences, and symmetry type of the MO for the n and a MO
of the central atom) when alkyl groups are replaced by perfluoro-
alkyl groups, is not a general rule for fluorinated molecules,
because it requires a correspondence between the nature of the
MO and the energies and symmetries of the fluorinated and
hydrocarbon analogues. This is possible only subject to the
condition of the complete localisation of the orbitals np on the
fluorine atoms, which in its turn conflicts with the nature of the
photoelectron spectra.

The ionisation potential of the molecule is a measure of the
difference between the energies of formation of the molecule and
the molecular ion (radical-cation). The replacement of a hydrogen
atom by an alkyl group with electron-donating properties leads to

the stabilisation of the radical-cation, while the replacement by a
fluorine atom or a fluorinated alkyl (o-acceptors) results in
destabilisation. The a-acceptor effect of the CF3 group is then
intensified by its weak Jt-acceptor effect, while the effect of the F
atom is weakened by the donor influence.3

The complex nature of the effect of the CF3 group has been
demonstrated recently.25 Thus, when a F atom is replaced by the
CF3 group in fluoroalkenes, the n levels of the molecule are
strongly stabilised with some destabilisation of the a levels. For
example, on passing from CF2 = CF2 to (CF3)2C = C(CF3)2, the
it-type HOMO energy diminishes by 3.8 eV, while the LUMO (71*)
energy decreases by 2.1 eV. Under these conditions, the occupied
7t- and a- type MO approach one another. The CF3 group induces
a marked alternation of the charge (the appearance of a negative
charge on the P-carbon atom and of a positive charge on the
a-carbon atom). Thus the overall effect of the CF3 group in
perfluoroalkene is electron-donating (M-acceptor, a-donor).
Evidently, the electronic effects of the CF3 group on the F atom
can change depending on the nature of the fragment to which they
are attached. Thus, using the LCAO-MO SCF methods supple-
mented by the optimisation of the geometrical parameters, it has
been shown that the Ca - Cp distance decreases with increase in the
number of CF3 groups at the a-atoms of the carbanions CF3CH2 ,
(CF3)2CF~, and (CF3)3C~, which indicates the existence of
negative hyperconjugation at the fluoroalkyl substituents.26

In simple, planar molecules, the substitution of hydrogen by
fluorine leads to a more pronounced stabilisation of the CT MO
than the n MO. The preferential cr-stabilisation on fluoro-
substitution is called the perfluoro-effect. The ranges of the
Tt-electron IP then overlap markedly and the composition of the
fluorinated derivatives changes qualitatively compared with that
of the nonfluorinated analogues.27

The photoelectron spectra of fluorinated alcohols have a
complex form with broad overlapping bands.28"30 Overall, they
are subject to the effect of the perfluoroalkyl group, i.e. they have
the same band sequence as in the spectra of the usual alcohols
which has undergone an almost parallel shift into the region of
higher potentials; furthermore, quantum-chemical calcula-
tions28'29-31 yield the same sequence of the MO. The highest
occupied molecular orbital of alkanols and their fluoro-deriva-
tives is not a pure «o orbital. The contributions of the 2p AO LP of
oxygen to the HOMO in the series CH3CH2OH, CH2FCH2OH,
(CF3)3COH are 43%, 41%, and 27% respectively. This suggests
that the «o orbitals, like the «F orbitals, are not fully localised on
oxygen and fluorine.

In trifluoroethanol, the CF3 group is separated from the
oxygen atom by the CH2 unit, which weakens both the ai-effect
and the conjugation effect.

Extremely interesting data have been obtained in the study of
fluorinated alcohols by the 17O and 13C NMR methods.32 It was
found that the influence of fluorine in the P- and y-positions
(Fp -C-O, F 7 - C - C - O ) is manifested much more strikingly in
the 17O NMR spectra than in the 13C NMR spectra. Bearing in
mind that the quantity i5o(<5c) is linearly related to the charge on
the corresponding atom and hence to the electron density,33 one
may reach certain conclusions about its distribution. The fluorine
atoms in the P-position relative to the oxygen (and carbon) atom
exert a powerful deshielding effect (Ao = 36 ± 5 ppm) on the
oxygen atom (the p-effect), whereas the F7 atoms exert a weak
shielding effect (Ao = 10 ± 3 ppm). The above effects may be
accounted for by the different manifestations of the effect due to
the field of the fluorine atom.34

The vertical IP for fluorine-containing phosphites have been
determined.35"37 It was shown that the replacement of hydrogen
atoms by fluorine increases significantly IPi, which largely
corresponds to ionisation with participation of the np orbital.
Thus the IPi for the phosphites 2 and 4 exceed the IPi for the
phosphites 1 and 3 by 1.33 -1.37 eV (Table 1). Finally, the IP, for
tris(hexafluoroisopropyl) phosphite 5 is greater than IPi for
phosphorus trichloride by 0.29 eV, i.e. the electron-accepting
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Table 1. Photoelectron spectroscopic data for certain P(III) derivatives.

Compound

(CH3CH2O)3P (1)
(CF3CH2O)3P(2)
(CH3CH2CH2O)3P (3)
(CHF2CF2CH2O)3P (4)
[(CF3)2CHO]3P (5)
PC13

PBr3

IP.W/.V

9.0
10.37
8.85

10.18
10.81
10.52
9.35

IP2(«o)/eV

10.3
11.71
10.18
11.07
11.94
-
—

Ref.

38,39
35
37
36
37
40
40

effect of the hexafluoroisopropyl substituent exceeds that of the
chlorine atom. Overall, the photoelectron spectra of the fluori-
nated phosphites resemble those of the usual phosphites, but they
are displaced towards higher ionisation potentials, i.e. the per-
fluoroalkyl effect rule holds in this case, since the sequence and
symmetry of the MO (np, «o, a t e ) are retained.

It has been shown40 that the IPi in the PX3 series increase in
proportion to the IPi of the functional hydrides HX (the
fluorinated phosphites 2, 4, and 5 are not an exception). The
relation between IP(PX3) and IP(HX) is linked to the parallel
manifestation of the inductive effect of the substituent X and the
mixing of the orbitals Ip and «x-40 Thus the contribution of the 3/J
AO LP of phosphorus to the HOMO increases in the sequence
C6F5P(NEt2)2 < C6F5P(NCS)2 < C6F5P(OMe)2 in conformity
with the increase in the IP,(HX):HNEt2 (8.15) < HNC
(9.94) < HOMe (10.96).41 The IP(nP) for the phosphites 2,4, and
5 exceed those for the phosphonites enumerated, like the IP(«o) of
fluorinated alcohols, so that the contribution of the phosphorus
3/> AO to the HOMO increases, with an overall increase in IP(np),
on passing from the phosphites P(OR)3 and the phosphonites
C6F5PX2 to the fluorinated phosphites 2,4, and 5 and P(OC6F5)3.
Under these conditions, the np orbital to which the 3P AO of
phosphorus contributes significantly (from 75% to 87% accord-
ing to different estimates),40 is also capable of nP-o-£_o conjuga-
tion.

The electron-accepting nature of the C - O a*-bond increases
as a result of the introduction of the fluorinated substituent at the
carbon atom. In the usual compounds, the np-ac -o interaction
in the P ( I I I ) -O-C fragment is weak, since the excitation is
localised mainly on the carbon atom.42-43 In fluorinated phos-
phites, such interaction is apparently more effective; here there is a
partial delocalisation of the np electrons to the C - O cr-bond. An
appreciable delocalisation of the np electrons has been noted for
the compound P(OC6Fs)3, which has been investigated by X-ray
emission spectroscopy (PKp).41

The enhancement of the electron-accepting properties of the
O R F substituents via the CTI mechanism is accompanied by an
increase in the electrophilicity of the P - O cr*-bonds, the electron
deficiency occurring predominantly on the phosphorus atom,
because it is less electronegative than oxygen. Bearing in mind
the electronic interaction occurring in the O - CH2 - CF3 fragment
and enhancing the electron-accepting properties of the orbital
Gco, one may postulate that the conjugation of the P - O <r*-bond
and the no electrons, characteristic of the usual P(III) compounds,
is unlikely in compounds with this fragment.

Thus, by virtue of the strong electron-accepting effect of the
fluoroalkoxy-groups, a significant electron density deficiency
arises on the phosphorus atom, which imparts electrophilic
properties to the latter. Hence one should expect a greater
reactivity of R F phosphites in reactions with nucleophiles com-
pared with RH phosphites.

One of the consequences of the replacement of the H atoms by
F atoms in phosphites is the strengthening of the C - O bond, i.e.
an increase in its energy. This change in the bond energy may be
explained on the basis of the orbital model of no - cic_c hyper-
conjugation.l6>42-43 The introduction of fluorine atoms lowers the
energy of the ac_c orbital, which is localised predominantly on

the terminal carbon atom of the C-CF3 fragment and increases
the effectiveness of its interaction with no-

The transfer of electron density from the oxygen atom to the
fluorinated alkyl group is possible both via the CTI mechanism and
via a mechanism involving no-Oc-c and CTC-O-CTC-F conjuga-
tion. Furthermore, the substituent C F 3 ( R F ) exhibits a 7t-acceptor
effect,3 which may occur via the mechanism involving the hyper-
conjugation of the antibonding MO of the CF3 group localised on
the carbon atom with the Jt-type MO of the CH2 fragment. All this
strengthens the C - C and C - O bonds, i.e. stabilises the <r levels
and enhances the electron-accepting properties of the alkoxy-
fragment O R F .

The photoelectron spectra of cyclic phosphites containing
electron-accepting substituents (CF3)2CH have been investi-
gated.37 The results are presented in Table 2.

The first two potentials, IPi and IP2, in the photoelectron
spectra of benzodioxaphospholanes 6 - 9 and the salicyl deriva-
tives 13 and 14 correspond to the ionisation of two JC orbitals of the
benzene ring, az{n) and b\(n), perturbed by the effective inter-
action with the antisymmetric (n5) and symmetrical («$) combi-
nations of the group orbitals of oxygen. Under these conditions,
the a2(n) -HQ orbital is the HOMO.

The ionisation potential IP3 of the benzophospholanes 6 -9
corresponds to the ionisation of the «p orbital, exceeding the
IPi(np) for the analogous phospholanes 10-12 by 0.35 -0.6 eV.
The reason for the increase in IP3(np) in the benzophospholanes
6-9 is the effective interaction. The replacement of one oxygen
atom in compounds 6 and 7 by an ester group (compounds 13 and
14) leads to an appreciable increase in the energies of the 02(11) and
b\ (K) orbitals, but at the same time facilitates the ionisation of the
«p orbital. This is consistent with the M effect of the C(O)O group.

Naturally the nQ-d^iii) and riQ-b\(%) conjugation is just as
effective as the H.Q-% interaction. The no-n* conjugation shifts
electron density from the oxygen atom to the ring.

It follows from the foregoing that cyclic benzodioxaphospho-
lanes and unsubstituted dioxaphospholanes contain an extremely
electrophilic phosphorus atom, the positive charge on which is
comparable to that for acyclic fluorinated phosphites (the ionisa-
tion potentials of such compounds are very high). If weak
electron-accepting substituents, such as NR2, OMe, or OSiMe3
are present at the phosphorus atom in the phospholane, then the
crpo orbitals, localised mainly on the phosphorus atom, behave as
acceptors in the CTP0 - « X conjugation,44 the electrophilicity of the
ap 0 orbitals of the cyclic fragment increasing after the introduc-
tion of the benzene ring owing to no-n* conjugation. On the
other hand, if there are strong 71-acceptor substituents, for
example OC6F5, OCH(CF3)2> or OCH2CF3, at the phosphorus
atom, then the nature of the electronic interactions of the cyclic
fragment with the exocyclic substituent changes. In this case, the
electrophilicity of the CTPO orbital weakens, and the no-crpx
interactions are intensified, which diminishes somewhat, in its
turn, the no-n* conjugation. Thus the IPi(jti) and IP2(jt2) for
compounds 6 and 7 increase by ~0.45 and ~0.30 eV compared
with the corresponding ionisation potentials of compound 9
(Table 2).

The photoelectron spectroscopic data for fluorinated phos-
phites examined above show that the IP3(np) for these compounds
are higher by 1.3 - 2 eV compared with the ionisation potentials of
the unsubstituted phosphites, which should undoubtedly be
reflected in the electrochemical properties of fluoroalkyl phos-
phites. The study of the electrochemical behaviour of fluoroalkyl
phosphites 37'45~47 has shown that acyclic derivatives are not
oxidised in the accessible range of potentials (for example,
compounds 2, 4, and 5), which is fully consistent with photo-
electron spectroscopic data. Table 2 presents also the half-wave
oxidation potentials (£i/2/V) of some of the fluorinated P(III)
derivatives investigated. They were obtained by the voltammetric
method at a platinum electrode in acetonitrile (25 DC).47

The value of £1/2 quoted48-49 for tris(tetrafluoropropyl)
phosphite 4 (0.85 eV) is erroneous and has not been reproduced.
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Tabk 2. Photoelectron spectroscopic data for certain cyclic phosphites (IP/eV).37

Compound IPifci)

>OCH(CF3)2(6)

>OCHi(9)

>OCH3(12)

8.89

8.90

8.86

8.45

10.74(np)

10.20(np)«*

9.55(JIP)"

9.58

9.53

9.57

9.26

10.75

11.11

10.55
(np-no-ncd

1.59,2.03

1.58, 1.85

-

10.33

12.51(acc)

1.29,1.99

>OCH(CF3)2(13)

>F(M)

9.42(m)

9.54

9.80(it2)

10.04

10.30 2.34

10.43

This is understandable because the value of £1/2 determined by the
above workers48-49 is actually lower than £1/2 = 1.68 V for
P(OEt)3.50 One-electron and (according to cyclic voltammetric
data) irreversible waves were observed on the voltammograms for
fluoroalkyl phosphites derived from catechol and salicylic acid.
The reaction centre in these compounds is the benzene ring and an
electron is abstracted from the HOMO which is the a2(jt) -«o
orbital.

The calculated number of electrons for cyclic fluoroalkyl
phosphites is less than integral values, which may be associated
with the interaction of the radical-cation formed with the initial
phosphite.This leads to the formation of dimeric species, for
example in the case of bis(trifluoroethyl) phenylphosphonite.51

The shift of the potential £1/2 to the negative region for
compound 13 and its analogues47 is associated with the presence
of the electron-accepting substituent C(O)O in the ring, which
agrees with the higher ionisation potential of the 02(1) orbital.

Thus electrochemical oxidation, photoelectron spectroscopic,
NMR spectroscopic, and calculated data clearly indicate that the
phosphorus in fluorinated cyclic and acyclic phosphites has a very
high IP(np), carries an appreciable effective positive charge, and
exhibits (together with nucleophilic properties) pronounced
electrophilic properties. As a result of the characteristic features
of the electronic interactions in the fluoroalkoxy-group, it is
difficult to split off R F from phosphonium centres compared
with the splitting off of RH • For this reason, one should expect the
ready elimination of this group in the corresponding nucleophilic
reactions, i.e. the easier cleavage of the P - O R F bond compared
with the P - O R H bond. The easier elimination of the CF3CH2O
group compared with CH3CH2O has been noted52 in relation to
the aminolysis of the esters RCOOCH2CF3. In this sense, the
chemistry of fluoroalkyl phosphites resembles that of P(III)
halides, which is known to reduce largely to nucleophilic substitu-
tion reactions at the phosphorus atom. Furthermore, the chem-

istry of fluoroalkyl phosphites is significantly richer and is not
restricted solely to the nucleophilic reactions indicated above. The
difference in the behaviour of fluoroalkyl phosphites and P(III)
halides, having similar IP(np), may be due to the difference in the
hybridisation of the phosphorus lone pairs, which has predom-
inantly s character in the case of phosphorus halides and is
distinguished by a significant contribution of/? character in the
case of trialkyl phopshites.2-40 Finally, the formation of products
with a phosphoryl group from fluorinated phosphites should be
more convenient than their formation from unsubstituted phos-
phites.

HI. Synthesis of fluoroalkoxy-derivatives of P(m)
1. Reactions of P(HI) halides with fluorine-containing
alcohols
Various methods of synthesis of P(III) derivatives containing
fluorinated substituents have been developed: reactions involving
phosphorylation of fluorinated alcohols by P(III) acid halides and
amides, alcoholysis and transamination reactions, interaction of
P(III) derivatives with hexafluoroacetone, etc.

The interaction of P(III) halides with fluorinated alcohols is
one of the most frequently employed approaches to the synthesis
of fluoroalkyl phosphites. As we have already noted, fluorinated
alcohols are relatively weak nucleophiles. They are less basic than
the usual alcohols.31 Being fairly acidic (pKm 4-12),53-54

Rp-alcohols react with difficulty with P(III) chlorides, in contrast
to RH-alcohols. They are unusually inert in reactions proceeding
via the intermediate formation of carbonium ions, which indicates
a strong interaction of the oxygen lone pair with the fluoroalkyl
fragment (the 'mesomeric' nature of the bonds).55 Quantum-
chemical calculations,31 carried out for CF3CH2OH,
CF3CH2O-, (CF3)2CHOH, and (CF3)2CHO-, indicate short-
ening of the C - O bond in fluoroalcohol anions (compared with
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R.H-alcohols) and a corresponding increase in the length of the
C - F and C - C bonds and an increase in the effective negative
charge on the CF3 and (CF3)2CH fragments, which is interpreted
as the manifestation of the field effect.31 The nudeophilicity of
P(ORF)3 differs little from that of PX3 (X = Cl, Br). This probably
explains the inertness of fluoroalkyl phosphites when acted upon
by hydrogen halides so that in the synthesis of R F phosphites from
PX3 there is no need to employ bases in order to bind the HX.

Phosphites based on fluorinated alcohols — tris(2-fluoro-
ethyl) phosphite and tris(2,2,2-trifluoroethyl) phosphite — were
first obtained from PC13.56-57 It was noted that, in the interaction
of PCI3 with linear RF-alcohols, mainly trialkyl phosphites are
formed together with a small amount of RF-dialkyl chlorophos-
phites.57-59 Further studies60"62 demonstrated that the result
depends on the ratio of the initial compounds, the reaction
conditions, and the catalyst. At 80 °C and for the ratio
PC13:RFOH = 1:1, it is possible to isolate dichlorophosphites,
the yield of trialkyl phosphites increasing with increase in
temperature. The latter are formed almost quantitatively if the
initial alcohol is employed in (2-3)-fold excess. We have fre-
quently noted that the acid phosphite ( R F O ) 2 P H O is frequently
formed as a side product, i.e. the reaction of fluoroalkyl phos-
phites with PCI3 does nevertheless occur to a slight extent (up to
10%-15%). It becomes the main reaction in the case of
2-fluoroethanol, which affords bis(2-fluoroethyl) phosphites in a
high yield on treatment with PCI3.63 The addition of a catalyst
(pyridine) accelerates the reaction significantly and improves the
yield of the trialkyl phosphite:60'61

°C, 1:1

PCI3 + R F O H

-»- RpOPClj + HC1
> 80 °C, 1:3

RFOPC1 2 + (RFO)3P + HC1

(RFO) 3 P

RF = CHF2(CF2)nCH2, n = 1, 3, 5.

The catalytic role of pyridine is seen in relation to the synthesis
of tris(hexafluoroisopropyl) phosphite 5: at 25 °C, hexafluoroiso-
propyl alcohol does not react with PCI3 (1:1), on prolonged
heating the phosphite 5 is formed in 70% yield,64 while in the
presence of pyridine the reaction ends after 2 h and the yield of the
phosphite 5 is almost quantitative.65 Tertiary alcohols such as
(CF3)2MeCOH, do not react with PC13 even at 90 °C,64 whereas
the alcohols RFMe2COH [RF = CF3, CHF2CF2, CHF2(CF2)3],
taken in an appropriate amount, interact with PCI3 in the presence
of pyridine as catalyst, affording high yields of the dichloro- and
monochloro-phosphites Cl3_MP(OCMe2RF)» (» = 1, 2).66 Penta-
fluorophenol reacts with PCI3 on heating to form (depending on
the initial reactant ratio) predominantly C6F5OPCI2 or a mixture
of (C6F5O)2PC1 and P(OC6F5)3, all three compounds being
separated by distillation.67

Numerous studies (see, for example, Refs 57 and 68 - 73) have
been made of the interaction of PBr3 with fluorinated alcohols,
but their results are contradictory. On the whole, PBr3 reacts more
readily with fluoro-alcohols than PC13, but the reaction proceeds
via several paths. For the ratio PBr3: R F O H = 1:3, fluorine-
containing trialkyl phosphites are formed in high yields.57-73

Attempts to obtain bromo- and dibromo-phosphites were unsuc-
cessful. The preparation of the dibromophosphite
CHF2(CF2)3CH2OPBr2 has been reported in only one study.72

In the case of trifluoroethanol and the fluoroalkanols
CH2F(CH2)BOH (n = 1, 2, 5, 7), an appreciable amount of the
fluoroalkyl bromide is produced.68"71 Such results are associated
both with the greater tendency of P(III) bromides to dispropor-
tionate compared with the chlorides and with the more effective

dealkylation of fluoroalkyl phosphites by HBr. Tris(fluoroalkyl)
phosphites, dialkyl chlorophosphites, chlorophosphonites, and
chlorophosphinites, their fluorinated analogues, asymmetric
fluoroalkyl phosphites, and amidophosphite have been obtained
in high yields by Arbuzov's method via alkoxides.58-64-74 These
reactions proceed smoothly and, depending on the initial reactant
ratio, lead to mono-, bis-, or tris-(fiuoroalkyl) phosphites. How-
ever, here too dismutation occurs in certain cases, particularly in
the synthesis of fluoroalkyl phosphites with linear groups.

Lithium alkoxides are usually employed in the synthesis of
fluoroalkyl phosphites.64-74"88 Sometimes (see, for example, San
et al.74) lithium alkoxide is obtained beforehand from
[RF = CF2CF2OCF(CF3)2] and hexafluoroacetone.

RFLi + (CF3)2C=O

— " • [ R F C ( C F 3 ) 2 O ] 3 P .

94%

Bis(fluoroalkyl) chlorophosphites show a much greater ten-
dency to disproportionate than dialkyl chlorophosphites. Never-
theless they have been obtained in a number of studies from PC13

and the corresponding alcohols both in the presence59-89-90 and
absence 58-59-66 of a base. Other approaches to the synthesis of
bis(fluoroalkyl) chlorophosphites have also been proposed: the
exchange reactions of P(OCH2CF3)3 with BC13 and PC13,

58 as well
as the exchange reactions of PX3 with lithium RF-alkoxides.76-89

Fluoroalkyl difiuorophosphites and bis(fluoroalkyl) fluoro-
phosphites are obtained by the reactions of PF3 with RF-alcohols
or RpOLi and RpONa77-78-82-91 by fluorinating bis(fluoroalkyl)
chlorophosphites and fluoroalkyl dichlorophosphites with
SbF3.81-92-93 The synthesis of the phosphite containing mobile
halogen atoms [(PriO)2POCCl(CCl3)CF(CF3)(SO2F)] described
by Eleev et al.,94 gives rise to doubts owing to the presence of
extremely reactive fragments in this compound.

Table 3 presents acyclic P(III) compounds obtained by
phosphorylating fluorinated alcohols or their alkoxides by P(III)
halides; it also lists cyclic phosphites containing an exocyclic
fluoroalkoxy-substituent, as well as compounds obtained from
fluorinated diols and their lithium derivatives.53-54-56~165

An extremely interesting example of phosphorylation leading
to the isomeric azaphospholines 15 and 16 has been described.166

On heating, 1,3,5-oxazaphospholine 15 (dp = 166 ppm) is con-
verted into 1,3,2-oxazaphospholine 16 (<5p =112 ppm)

CF3CNHCH2COOEt + Cl2POEt
NEt3

-Et3NHCl

F3C EtO,
\

HC OEt

cOOEt

15

-N

COCF3
16

Phosphorylation of the potassium and silver salts of 2,3,4,5-
tetrakis(trifluoromethylthio)pyrrole (HetM) by treatment with
PC13, PhPCl2, Ph2PCl, PI3, and PBr3 afforded fluorinated hetero-
cyclic amidophosphites:167 Het2PCl, PHet3, Het2POEt,
HetBPPh3_B (n = 1,2, 3). The chemistry of these compounds has
been surveyed by Weiss.168

Another interesting type of fluorinated P(III) amides com-
prises phosphorylated derivatives of hexafluoroacetone imine
J7 169

(CF3)2C=NLi + FnPCl3_n — - FBP[N = C(CF3)2]3_n

17
n=l ,2 , 3.
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Table 3. Acyclic and cyclic fluoroalkyl phosphites.

Compound RF R(orNR2) R'(orX) Ref.

( R F O ) 3 P

(RFO)2PC1

R F O P C 1 2

( R F O ) 2 P F

R F O P F 2

RpOPBr2

R F O P ( O R ) 2

CF3CH2
CHF2(CF2)nCH2

CH2FCH2

CF3CF2CH2

CF3(CF2)2CH2

C6Fi3CH2CH2

(CF3)2CH
CF3MeCH
(CF3)2CMe
CF3CMe2

(CF3)2C(CN)
(CF3)2CFO(CF2)2C(CF3)2

(CICF2)2C(CN)
C6F5CH2

C6F5

CF3CH2

CHF2CF2CH2

CF3CF2CH2

CF3(CF2)2CH2

(CF3)2CH
CHF2CF2CMe2

(CF3)2CMe
CF3CMe2

C6F5

CHF2(CF2)»CH2
(n - 1. 3, 5)
CF3CH2

(CF3)2CH
(CF3)2CMe
CF3CMe2

CHF2(CF2)3CMe2

CF3CEt2

CHF2CF2CMe2

C6F5

MeOOCC(CF3)2

C12POCH2(CF2),CH2

in = 2, 3)
(CF3)2CHCH2

(CF3)2CH
(CF3)2C(CN)
C6F5

CF3CH2

(CF3)2CH
CHF2(CF2)3CH2

CHF2CF2CH2

(CF3)2C(CN)
C6F5

(CF3)2CH
(CF3)2CI
(CF3)2CBr

CH2F(CF2)3CH2

CH2FCH2

CHF2CF2CH2

FSO2CF(CF3)CC1(CC13)
C 4F 9CsCCH 2

C4F9C=CCHMe
EtOOCCH = CCF3

MeC(O)CH=CCF3

Bu'C(O)CH = CCF3

PhN = CCF3

(CF3)2CH
CHF2(CF2)3CH(NHCOOEt)

—
-

-
-
-
-
-
-
-
-
-
-
-
-

—
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
—
-

—

_

-
—

-
-
-
-
-
-
-
—

_

Et
Et
Pr*
Et
Et
Et
Et
Et
Et
Ph
Et

57,58,95
58-61,73

56
59
59
75
64,65, 76,77, 88,96
64
64
64
78,79
74
80
97
67,92,98

58,99
58, 59, 89,90
59,100
59,100
64,76,81
66
64
64
67

58,60-62

64
64
64
64
66
66
67
67
79
101

102

81
78
103

91
77,103,104
92
93
82
103
104
104
104

73,92
63
105
94
106
106
107
108
108
109
110
111
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Ref.

R F O P ( O R ) ( O R ' )

( R F O ) 2 P O R

( R F O ) 2 P N R 2

CHF2CF2CH2

CH2FCH2

CHF2CF2CH2
EtOOCCH = CCF3

(CF3)2CH
(CF3)2CH

C2F5CH2

C2F5CH2

CF3CH2
CHF2CF2CH2
CHF2CF2CH2

CHF2CF2CH2

CHF2CF2CH2

C3F7CH2

C3F7CH2
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH

4-(4-PhNHC6H4)C6H

Et
Et
Et
Pr j

Ph

Et
H
Me3Si
Me3Si
N = C = O
N = C(Ph)OMe
N = C(Ph)OEt
Et
H
H
NHMe
NHBu1

Me
Et
Me3Si

(CF3)2CH

( R F O ) ( R ' O ) P N R 2

( R O ) 2 P N ( R F ) 2

( R O ) 2 P N R F R '

(RFO)P(C1)NR 2

( R F O ) P ( N R 2 ) 2

( R F O ) P R X

(CF3)2CHCH2

Et2N(EtO)POCH2(CF2)3CH2

3-CF3C6H4

3-CF3C6H4

(CF3)2CHCH2

EtOOCCH = C(CF3)
(CF3)2CH
CHF2(CF2)3CH(NHCOOEt)

(CF3)2CH
CF3CH2

CHF2(CF2)nCH2
(n=l ,3)
C2FSCH2

CF3CH2
CHF2(CF2)nCH2

CHF2(CF2)nCH2

C2F5CH2
C2F5CH2
C2F5CH2

C3F7CH2
C3F7CH2

C3F,CH2

CF3CH2

CF3CH2
CHF2CF2CH2

CHF2(CF2)5CH2

CHF2(CF2)3CH2

(CF3)2CH

Pr1

Et

Et

Et

Pr!

Et
Pr'
Et

Me
Me
Me

CF3

CF3

CF3

C2F5

CF3

C2F5

C3F7
CF3

C2F5
C3F7
Et
CCI3
Et
Et
Et
Et

Et

112

63
113
108
88,114
110

100,115
100
83
116
89,117
89,117
89,117
100
100
84
84
84
118
118
118

118

102

100,119

—

—
_
-

(CF3)2CHO
CF3CH2O
CHF2(CF2)nCH2O
(n=l ,3)
NEt2

CF3CH2O
CHF2(CF2)nCH2O

CHF2(CF2)nCH2O

NH2, NEt2, Cl
NH2, NEt2, Cl
NH2, NEt2, Cl
NH2, NEt2, Cl
NH2, NEt2) Cl
NH2, NEt2, Cl
CF3CH2O
CF3CH2O
CHF2CF2CH2O
CHF2(CF2)5CH2O
CHF2(CF2)3CH2O
(CF3)2CHO

120

120

102
108
121
111

87,122
105,123
124

115
125
126

126

100,115
100,115
100,115
100,115
100,115
100,115
125
125
105
105
124
86
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R'(orX) Ref.

( R F O ) P R X

c

c
Me
N s

Me

PORF

>ORF

c

;pa

2,4)

O
Me

o
RF

C4F9CH2
C4F9CH2

CHF2(CF2)2CH2

CHF2(CF2)2CH2

CHF2CF2CH2

CF3CH2

(CF3)2CH
C3F7CH2CH2

CF3CH2

CHF2CF2CH2
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2CH
(CF3)2C(CN)
(CF3)2CH
CHF2CF2CH2

CF3CH2

CF3CH2

CF3CH2

(CF3)2CH
(CF3)2CH
(CF3)2CH
CHF2CF2CH2

EtOOCCH = CCF3

CF3CH2

(CF3)2CH

CH2 = CH
CH2QCH2

CH2 = CH
CH2CICH2
EtOCH = CH
Ph
Ph
Ph
Ph
Ph
Ph
Bu'
Bu'
Bu'
C6F5

Me
CF3

Et
CF3

Ph
Ph

—
—
-
-
-
-
-

-

C4F9CH2O
C4F9CH2O
CHF2(CF2)2CH2O
CHF2(CF2)2CH2O
CHF2CF2CH2O
F
F
C3F7CH2CH2O
CF3CH2O
CHF2CF2CH2O
(CF3)2CHO
F

a
Me
(CFshCHO
Me
CF3

Et
CF3

Ph
Ph

O
S
NMe
O
S
NMe
O
O

-

127
127
127
127
128
129
87,129,130
131
95,105,123,132,133
105
81,87,96
81,130
81
130
81
87,122
81,87
86
134
96,135
136

137,140
137,140
137,140
96,135
96,135
96, 135
138,139
107,108

137,140
137,140

CHF2CF2CH2

CHF2CF2CH2O
CF3CH2O
(CF3)2CHO
C3F7

(CF3)2CH
(CF3)2CH
(CF3)2CH

CF3CH2

CF3CH2

(CF3)2CH

CF3

CHF2CF2

CHF2(CF2)3

Bu'
Ph
Me

H
H
Me

138,139

138
141
141
119

141-143
143
141,142

101

144

145
145

146
146

146

RF
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Table 3 (continued).

Compound R F R(orNR2) R'(orX) Ref.

R
1

R

t
N

V
1
R

RF. O

RF °

( C F J ) J C H

(CF3)2CH

(CF3)2CH

(CFjfeCH
CF3CH2
CHFJCF2CH2

CHF2(CF2)3CH2
CsFj
CF3CH2

CF3CH2
CF3C(O)
(CF3)2CH
-CH 2 (CF 2 ) ,CH 2 -
(" = 2,3)

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

CF3

H
Thj

—

H
H
H
H
H
H
Bu'

Bu'
Bu'
Bu'
Bu'

-
—
-
-
-
—
—
-
_
_
—
-
—

143,147
143,147

143

CF3

—
—
—
-
-
-

NEt2

OEt
NH2

NMe2

NHBu'
NH(SiMe3)
N(SiMe3)2

F
Cl
Br
(CF3)2CHO
Me3SiO
CF3COO
I
H

M e M e

O-( N-0*

148
37
138
148
149
148,149
150

151-153
151-153
151-153
153

154,155
154
155,156
155
155
155
155
157-159
158
158
157,160
160
160
160
160

161

CF3

C F

162

163

EtO

(CF3)2CH
CHF2CF2CH2

CHF2(CF2)jCH2

C6F5

164
164

37,103
165
103
165
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Table 3 (continued).

Compound R F R (or NR2)

V F Mironov, IV Konovalova,

R'(orX)

L M Burnaeva, E N Ofitserov

Ref.

POCH2CF3 150

The 1,3,2-diazaphospholines 18 and 19, containing trifluoro-
ethyl groups, have been obtained from PCI3 and
(CF3CH2OC = NH2)2.170

PCI3 + (CF3CH2OC=NH)2
NEt3

-MgCl2

18 19

2. Transesterification, transamination, alcoholysis, and
acidolysis
Certain R F phosphites and amidophosphites have been obtained
by the transesterification of phosphites with trifluoroethanol.171

Transesterification proceeds more readily in the case of P(III)
derivatives with 'acid' residues, whereas the transesterification of
P(OMe)3 is difficult.171

There are few examples of the alcoholysis of P(III) amides by
Rp-alcohols.113- 143' 144- 172- 173 Bearing in mind that fluorinated
alcohols are extremely acid reagents, one may expect that
alcoholysis with their participation would be facilitated by virtue
of protophilic cooperation.172 Indeed, the alcoholysis of amides
by RF-alcohols proceeds under comparatively mild condi-
tions113-173 and, depending on the ratio of the P(III) amide and
R F ( O H ) , leads to full phosphites and mono- and di-amidophos-
phites, i.e. P(ORF)3 Et2NP(ORF)2, and (Et2N)2PORF, where
RF = CHF2(CH2)3CH2 or CHF2(CF2)nCH2 and also to cyclic
phosphites, for example to 1,3,2-dioxaphosphorinane with the
exocyclic substituent OCH2C3F7.172

The alcoholysis of cyclic amides by hexafluoroisopropyl
alcohol also takes place under mild conditions at 20 °C in
CH2C12.143-147

The interaction of trifluoropropanol with o-phenylene tri-
fluoroacetyl phosphite affords a high yield of the corresponding
full phosphite.174

The transamination reaction has been used175 to obtain
fluorinated diazadiphosphetidines 20.

P(NR2)3 + ArNH2
120 °C, (NH4>2SO4

NR2

P

Ar—N N - A r

V

R

20 NR2

Et, Me; Ar = 2-CF3C6H4, 2,4-F2C6H3> 2-CF3-4-ClC6H3,
2-Me-3-FC6H3.

Examples of the acidolysis of the amides (RFO)2PNEt2 and
(RFO)(R'F)PNEt2 (RF = C2FS, C3F7; R' = CF3, C3F7) by HC1
in order to obtain the corresponding R F chlorophosphites are
available in only one communication.100

3. Reactions involving the addition of dicoordinate
phosphorus to alcohols
The R F phosphites 21 have been synthesised from dicoordinate
phosphorus compounds R 2 N - P = NR22.176

R 2 N - P = N - R

22

RFOH
20 °C, ether

ORF

R2N—P—NHR

21

ORF

R 2 N — P = N — R .

H 23

R = Me3Si, Bu«.

The diamidophosphite 21 is in equilibrium with the amide 23, the
stability of which increases by virtue of the presence of the
electron-accepting group R F O .

4. Reactions of P(III) derivatives with hexafluoroacetone
The reactions of P(III) derivatives with hexafluoroacetone are
extremely diverse. The products of these reactions are usually
compounds with the phosphorane structure. The reactions of
hexafluoroacetone with chloro-, bromo-, and pyro-phosphites, as
well as acyl phosphites, in which the final products are P(III)
derivatives, are therefore of special interest. The insertion of
hexafluoroacetone in a P-Hal bond without change in the
coordination at the phosphorus atom was first described in
1967.104 The phosphite 24 (X = I) formed in this reaction was
reduced to compound 25.

F2PX + (CF3)2C =
-196 -»-20 °C ^

= Br(40h), I(4h)

X
I 2Hg, HI

= e = F2POC(CF3)2 >
A. — 1

24

F2POCH(CF3)2.

25

It was later shown that hexafluoroacetone may also be
inserted in the P - P bond of tetrafluorodiphosphine.177

F2P—PF2 + (CF3)2C=O
25 °C

F 2P-C(CF 3 ) 2 -O—PF 2 .

80%

A whole range of compounds are formed in the reactions of
the diphosphines Me2PPMe2 and Me(But)PPMe(But) with hexa-
fluoroacetone owing to the instability of the phosphinites
R2PC(CF3)2OPR2 formed initially.178

The reactions of phosphines containing a P - H bond with
hexafluoroacetone have been examined in reviews.179' 18°

The interaction of chlorophosphites with (CF3)2CO was first
described by Knunyants and coworkers,181 who obtained
c^-dioxaphospholane 26.



Fluoroalkoxy-derivatives of trivalent phosphorus: synthesis and reactivity 945

(EtO)2PCl + (CF 3 ) 2 C=O-
(CF3)2C-

(CF3)2C
-O 27

(CF3)2C-

(CF3)2C.

-O
\

/
P(O)OEt + EtCl.

~O
26

Later the reactions of dialkyl chlorophosphites with
= O were investigated in greater detail.182-183 It was

shown that at —40 "C the insertion products 28 are formed
almost quantitatively, whereas on raising the temperature to
20 °C a mixture of products 26-28 is formed.

(RO)2PC1 + ( C F 3 ) 2 C = O :

(RO)2P-O-C(CF3)2

Cl

[(RO)2PC1 OC(CF3)2] —

(RO)2P-O-C(CF3)2

Cl

u 27a

(RO)2P-O-C(CF3)2C1

28

It has been suggested that the first reaction step involves one-
electron transfer from the phosphite to the ketone, i.e. a radical
mechanism operates.t When cyclic chlorophosphites are made to
react with hexafluoroacetone, only the insertion products 28a,
which are more stable than the phosphites 28, are obtained.

R-7---0 '
R

P—O— C(CF3)2C1

28a

R = H, Me.

The authors of the studies quoted, suggest that the phosphites
28 enter into the Arbuzov reaction with trimethyl phosphite,
forming compound 29, whereas the phosphites 28 afford com-
pounds 30.

R

28a + (MeO)3P

28 + (MeO)3P

V
7

R

O-C(CF3)2—P(O)(OMe)2,

29

(RO)2P-C(CF3)2-OP(O)(OMe)2 .

30

We believe that the product 30 cannot be obtained from the
phosphite 28. Careful analysis of the experimental part of the
study of Heine and Roschenthaler182 confirms our view. Appar-
ently the first reaction stage is the interaction of hexafluoroace-
tone with the more nucleophilic trimethyl phosphite. The resulting
dipolar ion P+OC~ 31 reacts as a C-nucleophile with (RO)2PC1,
affording the salt 32. The elimination of MeCl from the latter leads
to the phosphonite 30.

(MeO)3P + (CF3)2C =O

[(MeO)3P-OC(CF3)2J

31

• f3 '
(MeO)3P - O - C - P ( O R ) 2

[(MeO)3P-C(CF3)2 - O ]

(RO)2PC1

Cl

32 CF3

CF3

—*• ( M e O ) 2 P - 0 - C - P ( O R ) 2 + MeCl

O CF3

30

Bearing in mind the greater electrophilicity of cyclic chlor-
ophosphites compared with the acyclic ones, it is logical to assume
that they have sufficient time to 'capture' the dipolar ion P+CO ~:

(MeO)3P—C—O

33
CF3

CF3

( M e O ) 3 P - c - O — P v

( M e O ) 2 P - C - O — P

it, •
29

Cl

The treatment of the mechanism of the formation of com-
pounds 29 and 30 presented here has been confirmed, from our
point of view, by results184 which show that hexafluoroacetone
and fluoral react with triethyl phosphite to form compounds 34
and 35 with different types of substitution at the phosphorus
atom, because the P(OEt)2 group migrates in different dipolar ions
36 and 37. Thermolysis of compound 35 leads to the fluoro-
phosphite 30 and the vinyl phosphate 39.

P(OEt)3 -»- (EtO)2POP(OEt)2

CF3CHO

(EtO)2POP(OEt)

CH(CF3)O
36

(EtO)2P -CH-OP(OEt) 2

O CF3

34

(CF3)2CO

(EtO)2POP(OEt)2

[ O-C(CF3)2

37

CF3

(E tO) 2 P-O-C-P(OEt ) 2

O CF3

35

(EtO)2PF + (EtO)2P(O)OC(CF3) = CF2

38 39

fThe proposed mechanism was taken from data presented in Professor
Roschenthaler's lecture delivered in Tallin in 1989. More detailed data
have not been published.

The reaction of the acyl phosphonite (EtO)2PC(O)R (R = Pr',
Bu', OMe) with hexafluoroacetone apparently proceeds via the
same path.185 If hexafluoro acetone is taken in exess, the CT5-1,3,2-
dioxaphospholane 42 is formed.
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(Eto;

41

)2PCR-
(CF3)2CO .C(O)R

_
OC(CF3)2

C(O)R

(EtO)2POC(CF3)2

C(O)R

42

The complex phosphites 43-45, incorporating heterocyclic
fragments, have been obtained from hexafluoroacetone and
phosphines containing the N = C = S and C = N groups.186"188 It
was noted that the interaction of the above reactants entails the
isomerisation of the isothiocyanate group to the thiocyanate
group and of the nitrile group to the isonitrile group. The
structure of compound 43 (<5p = 89.3 ppm) has been demon-
strated by X-ray diffraction.188 The hexafluoroacetone dimer
reacts similarly with P(CN): 189

P(NCS)3 + 6(CF3)2CO
NEt3

CF3

CF3

O

CF3

CF3

43

CF3P(CN)2 + 5(CF3)2CO

CF3

NEt3

CF3
CF3

T
CF3

44

P(CN)3

P(CN)3

^ N=N-P[OC(CF3)2CN]2

CF3 45

A NEt3,MeCN
C(CF3)2V

CF3

CF3

CF3

The reactions of aminophosphines with Rp-esters of
perfluorocarboxylic acids proceed with retention of configura-
tion at the phosphorus atom.191

Et

Ph
CF3COOCH2CF3

Et

Ph'
Et2NC(O)CF3.

The interaction of phosphorus trichloride with perfluoro-tert-
butyl hypochlorite is accompanied by the formation of
tris(perfluoro-tert-butyl) phosphite.192

(CF3)3C -O-Cl + PC13 -*- P[O-C(CF3)3]3 + Cl2,

The chlorine liberated does not then react with the phosphine.
Attempts to employ this approach in order to obtain P(OCF3)3
from CF3OCI and PC13 proved unsuccessful, since in this case
CF3OCI behaves as a fluorinating agent, being converted into the
very stable COF2.192

The compounds (CF3O)3PO, (CF3O)P(O)C1, and
(CF3O)P(O)Cl2 have been detected among the reaction products
by mass spectrometry. It was not possible to detect any kind of
P(III) derivatives.

Apart from the reactions listed above, the rearrangement
PCO -> POC in the series of a-hydroxyphosphines is also used to
obtain fluorinated phosphines. This reaction was first described in
1974 for (l-hydroxyperfluoroisopropyl)diphenylphosphine 47 —
the product of the reaction of diphenylphosphine with hexafluoro-
acetone.177

PhjPH + (CF3)2C =O —*• Ph2P -C(CF3)2OH — -
47

- * - Ph2P-O-CH(CF3)2.

It was found that the rearrangement of the phosphine 47 is
effectively catalysed by tertiary phosphines and that the higher the
nucleophilicity of the phosphine the faster the rearrangement. The
possibility of the occurrence of this reaction for the products of the
reaction of bis(ter7-butyl)phosphine and teri-butylmethylphos-
phine with hexafluoroacetone has been indicated,193 but more
detailed information has not been published.

It has been suggested160 that CF3CH2OSiMe3 be used for the
synthesis of fluoroalkyl phosphites. The corresponding phospho-
lane was obtained in a high yield.

(CF3)2C

(CF3)2C

-O
1 + CF3CH2OSiMe3

(CF3)2C'°
1

46

1
(CF3)2C

POCH2CF3 + Me3SiCl.
/

5. Other approaches to the synthesis of
fluoroalkoxyfluoroalkyamino-derivatives of P(ffl)
Amido- and ammo-phosphites are obtained by the interaction of
silylated amides and amines with P(III) chlorides:15S> 188> 19°

C2F5-PC.2 + f Me3Si
|3-CF3C6H4

O

ii
P

C2FS

-2Me3SiCl

(CF3)2C-°N

dP

6. Bis(fluoroalkyl) phosphites
The classical method of synthesis of dialkyl phosphites — the
reaction of P(III) chloride with alcohols — cannot be extended to
fluorine-containing dialkyl phosphites. The only exception is the
reaction of P(III) chlorides with FCH2CH2OH.63 The synthesis of
phosphites containing a large number of fluorine atoms by this
method is impossible because of the difficulty of splitting off the
fluorinated alkyl group. Indirect approaches to the synthesis of
bis(fluoroalkyl) phosphites by the reaction of RpOH with PC13

were therefore developed. Thus bis(fluoroalkyl) phosphites have
been obtained by the reaction of PCI3 with R F O H in the presence
of methanol194 or terf-butyl alcohol.
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PCb
ROH, CH2CI2

-RC1
[ChPHO]

R F O H , CH2CI2
( R F O ) 2 P H O CF3-O'

H

C=O
H

F2C=O + HF.

R = Me, Bu<; RF = HCF2(CF2)nCH2 (n - 1, 3, 5),194 CF3CH2>
195- " 8

CF3CF2CH2,198 CF3CH2CH2,198 (CF3)2CH.199-201

(The latter reaction is carried out either in methylene chlor-
ide 195~201 or in the absence of a solvent.197)

It has been shown recently 202 that bis(fluoroalkyl) phosphites
can be readily obtained from PCI3 and R F O H in the presence of
water by a method proposed by Mandel'baum et al.203

2RFOH
PC13 + H2O —*~ [C12PHO] *- (RpO)2PHO

R F = CHF2(CF2)nCH2 (« = 1, 3), CF3CH2, (CF3)2CH.

In the synthesis of bis(hexafluoroisopropyl) phosphite, it is
essential to avoid an excess of the fluorinated alcohol, because
the latter forms readily a fairly stable adduct —
[(CF3)2CHO]2PHO HOCH(CF3)2.202

It has been suggested 204> 205 that bis(fluoroalkyl) phosphites
and alkyl fluoroalkyl phosphites be obtained by the transester-
ification of alkyl phosphites in the presence of H3PO4 at
110-160 °C.

(RO)2PHO + R F O H ( R O ) ( R F O ) P H O

R =Me, Et; RF = CHF2(CF2)5CH2;

(RO)2PHO + 2 R F O H —*• (RFO)2PHO

R = Me, Et; RF = CF3CF2O(CF2CF2O)2CF2CH2.

The asymmetric phosphite (RFO)(EtO)PHO has been recently
obtained by the interaction of tetrafluoropropyl dichlorophos-
phite (RF = CHF2CF2CH2) with two equivalents of ethanol.206

The interaction of P[OCH2(CF2)nCHF2]3 (n = 1, 3, 5) with
CF3COOH62 and H3PO4207 also leads to bis(fluoroalkyl) phos-
phites in satisfactory yields. Perfluoropinacol phosphite 48 has
been obtained by the reaction of the corresponding chloride with
Pli3SnOH;160 despite the presence of the strong electron acceptor
in the molecule, this compound exists in the P(rV) oxo-form:

(CF3)2
, 0

I P-Cl

( C F 3 ) 2 C
I

C

+ Ph3SnOH-

+Ph3SnCl.

48

7. Perfluoroalkyl phosphites, thiophosphites, and
amidophosphites as well as related compounds
a. Perfluoroalkyl phosphites
All the fluoroalkyl-containing phosphites and their derivatives
examined above contain a fluorine atom in the "/-position relative
to the P(III) atom. We did not find in the literature a single
example where the POCF3 or POCF2 fragment was present in the
P(III) derivative, although attempts to obtain such compounds
were undertaken. 192-208>209 The analogous boron derivative
B(OCF3)3 was synthesised, but it was stable only at temperatures
below - 2 0 °C.210 The higher stability of B(OCF3)3 compared
with P(OCF3)3 is associated with the electron-accepting nature of
the boron atom, which diminishes the extent of the HO-CTCF
conjugation as a result of the competing 7iB-no interaction.
Fluoro-alcohols containing a F atom in the a-position relative to
the OH group are unstable and readily eliminate HF, which is
associated with the formation of thermodynamically stable acyl
fluorides. Thus the alcohol CF3OH decomposes at 20 °C.

49

The contribution of the mesomeric form 49 to the CF3OH
structure is very large owing to the extremely effective no-Oco
conjugation.211 The introduction of a P(III) atom would have led
to an even greater destabilisation of the C F 3 - O - P system owing
to the additional shift of electron density from the phosphorus
atom via the np- a*co conjugation mechanism; on the other hand,
under these conditions the formation of products with a P - F
bond is thermodynamically favourable because this bond is one of
the strongest.

In terms of its electronic effects the OCF3 group is close to
SCF3 and Cl,212 but it is a stronger cr-acceptor. The introduction
of strong acceptors at the oxygen atom stabilises the CF3O
extremely effectively. Thus the compounds CF3OF, CF3OOF,
CF3OOCF3, CF2(OF)2, and CF3OOOCF3 are stable.213214

Bohlen and Roschenthaler209 investigated the reactions of
perfluoropinacol halophosphites 50 with the salts (CF3)2CFOM
[M = K, Cs Si(Me2N)3] in order to obtain the perfluoroalkyl
phosphites 51 containing a F atom in the fJ-position relative to the
P atom. It was found that the latter are extremely unstable and
readily exchange the fluorine atom for X on treatment with the
salts KX (X = Cl, Br).

(CF3)2C-" \ (CF3)2CFOK

50

-O
(CF3)2C-- \

I POCF(CF3)2

51

' O \(CF3)2C-- \ (CF3)2C
I POCX(CF3)2 + I

J (CF3)2C

(CF 3 ) 2 C-- O \

POCXi(CF3)2

(CF3)2C
-o

The formation of a whole range of fluorination products has
been observed for perfluoropinacol fluorophosphite 50 (X = F):

(CF3)2C- \ (CF3)2CFOK (CF3)2C
|>OCF(CF3)2

( C F 3 ) 2 C ^ O / |

(CF3)2C- (CF3;

(CF3.

OCF(CF3)2

~o
O C F = C F 2

Bohlen and Roschenthaler209 attribute this to radical proc-
esses occurring in the OC(CF3)2C(CF3)2OPF + (CF3)2CFO-
system. ' '

The perfluoroalkylperoxyphosphines CF3OOP(CF3)2 and
(CF3OO)2PCF3 have been postulated215 as intermediate species
in the oxidation of P(CF3)3 by oxygen, but they were not detected
by spectroscopic methods.

b. Perfluoroalkyl thiophosphites and selenophosphites
In contrast to perfluoroalkyl phosphites, their fluorinated thio-
and seleno-analogues are more stable. The derivatives 52-54 were
obtained for the first time in I960216 from the compounds
Hg(SCF3)2 and PC13 by exchange reactions:
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Hg(SCF3)2,20 °C
CF3SHgCl + CI2PSCF3

52

2Hg(SCF3)2,20 °C, 40 h
P d 3 1 —~ - t 2CF3SHgCl + C1P(SCF3)2

53

3Hg(SCF3)2, 50 °C, 72 h
3CF3SHga + P(SCF3)3

54

The products 52-54 are liquids, which are separated by
distillation at the usual pressure. A quartet (8p - 194.4 ppm,
V P F = 24 Hz), a septet (<5P = 143 ppm, VP F = 22 Hz), and a
decet (<5p = 85 ppm, V P F = 20 Hz) correspond to them respec-
tively in the 31P NMR spectra.217

CF3SP(CF3)2,218'219 CF3SeP(CF3)2,218 CF3SPF2,220

CF3S6PF2,221 PhP(SeCF3)2,222 (CF3Se)2P-P(SeCF3)2,222

P(SeCF3)3,222 and PhP(SCF3)2
 223 were synthesised similarly.

The initial compounds employed were the corresponding phos-
phorus iodides. Hg(SeCF3)2 was used to synthesise the selenides.
In the 31P NMR. spectrum, a decet with <5p = 65 ppm
( V P F = 14.9 Hz) corresponds to the selenophosphite
P(SeCF3)3.220 This compound is unstable, its decomposition
resulting in the segregation of CF3SeSeCF3 and the formation of
a polymer. The 19F and 31P NMR spectra of the selenophosphinite
(CF3)2PSCF3 have also been described.224

Subsequently several approaches were developed for the
synthesis of fluorinated thio- and seleno-phosphites. Thus it has
been suggested that the reaction of polyphosphines with
CFsSSCFs225-226 and CF3SeSeCF3

 222 be used for the synthesis
of CF3E derivatives of P(III), in which E = S or Se.

(CF3P)4 + 4(CF3S)2

200 °C
(CF3S)2PCF3,

[(CF3)2P]2 + (CF3S)2 (CF3)2PSCF3)

(PhP)5 + 5(CF3Se)2 •
40 °C, 10 days

5PhP(SeCF3)2.

Fluorinated thiophosphines have been obtained by the reac-
tion of RFSCI with white phosphorus.217

P4 + CF3SC1

n= 1-3 .

CS2,48h, -80 -»-20°C
(CF3S)nPCl3_n

The synthesis of an organoboron derivative of thiophosphine
has been described.225'226

- 4 5 °C, ether
(CF3S)2PCF3 + LiB5H8 CF3SP(CF3)B5H8.

The reaction of trifluoromethanesulfenyl chloride with methyl
dichlorothiophosphite involves the substituent CH^.2 2 7

-70-*-20°C,7h
CF3SCI + C H 3 S P Q 2 . CF3SCH2SPC12 + HC1.

The interaction of PC15 with Pb(SC6F5)2 constitutes yet
another unusual approach to the synthesis of thiophosphites.
Tris(pentafluorophenyl) thiophosphite 55 has been obtained by
this procedure.97-228 The phosphorane 56 formed initially in this
reaction is extremely unstable and decomposes to the thiophos-
phite 55 and a disulfide.

(C6F5S)2

The chemistry of the CF3E derivatives of P(III) has been only
slightly developed. The reactions with Sg,219-223-229 EtOH,216 and

(C6F5S)2Pb -f PC15

6F5S)5P]

56

0-20 °C, hexane
-PbCl2

I - - (C6F5S)3P +

55

CFnCl3_nSCl (» = 1, 2, 3)217 and the oxidation of the phosphite
54229 j j a v e been studied. The complexes of perfluoroalkyl-
substituted phosphites (CF3)2PECF3 (E = S, Se) with molybde-
num and manganese carbonyls have been synthesised.230'231

c. Perfluoroalkyl amidophosphites
Perfluoroalkylaminophosphines 57 (n = 1, 2, 3) have been
obtained by the exchange reactions of tris(trifluoro-
methyl)phosphine with [(CF3)2N]2O.232-234

(CF3)3P + (CF3)2NON(CF3)2

-*(CF 3 ) n P[N(CF 3 ) 2 ] 3 _ n

57

[(CF3)2NOCF3).

The interaction of the stable bis(trifluoromethyl)nitroxyl
radical with E(III) (E = P, As, Sb) derivatives has been investi-
gated.235"239 P(III) compounds were obtained only when phos-
phorus hydrides,235 iodides,236-237 and cyanides238 were used as
the initial compounds. It is suggested that the reactions proceed
via a radical mechanism.

CF3PI2 + 2(CF3)2NCr

(CF3)2PI + (CF3)2NO-

CF3P[ON(CF3)2]2

(CF3)2PON(CF3)2

—-*- (CF3)2P(O)N(CF3)2>

PhP(CN)2 + (CF3)2NO* —*• Ph(NQPON(CF3)2,

Ph2PCN + (CF3)2NO" —*• Ph2PON(CF3)2.

The amidophosphite (Me2N)2PON(CF3)2 can be obtained
from hexamethylphosphorous triamide and bis(trifluoro-
methyl)nitroxyl.240

(Me2N)3P + (CF3)2NO- •

+ [ (CF^NONMeJ.

(Me2N)2PON(CF3)2

The analogous arsenic and antimony compounds are more
stable than the phosphorus compounds.239'241

Other perfluoroalkyl and nitrogen derivatives, for example
(CF3)2NONO and CF3NO, are not only inserted into the C F 3 - P
bond but also oxidise the compounds formed to P(V) deriva-
tives.241-243 Bis(trifluoromethyl)phosphine adds to CF3NO with
retention of the coordination at the phosphorus atom, forming the
amidophosphine(CF3)2PN(OH)CF3.243

IV. Reactions of fluoroalkyl phosphites

As a result of the presence of the fluorinated substituent RF,
fluoroalkyl phosphites and related compounds (phosphonites,
phosphinites, etc.) exhibit a reduced reactivity in nucleophilic
reactions and an enhanced reactivity in electrophilic reactions
compared with alkyl phosphites. The characteristic features of the
chemical behaviour of the RF-derivatives of P(III) are caused by
the difficulty of cleaving the O - R F bond owing to the strong
electron-accepting properties of polyfluorinated groups. The
inertness of the polyfluorinated radicals derived from the fluoro-
alkanols CHF2(CF2)«CH2OH (» = 1, S)244 in reactions involving
the formation of polyfluoroalkylcarbenium ions60-245 provides
grounds for the hope that stable phosphoranes may be obtained
from them. The chemistry of the latter has been developed
vigorously precisely as a result of the introduction of fluorinated
substituents at the phosphorus atom.246"248

1. Reactions of fluoroalkyl phosphites with retention of the
coordination the phosphorus atom
Reactions involving nucleophilic substitution at the phosphorus
atom, which behaves as an electrophilic centre, must take first
place among the reactions involving retention of the coordination
at the phosphorus(III) atom. Such reactions are extremely
characteristic of RF-phosphites. They include alcoholysis, trans-
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esterification, disproportionation or dismutation, as well as
reactions involving insertion into multiple bonds without change
in the coordination state of the phosphorus atom. Attention was
first turned to the ease of the alcoholysis of RF-alkyl phosphites by
more basic alcohols in the studies of Fokin and coworkers.60'62

Thus the reaction of tris(tetrafluoropropyl) phosphite with Mel,
in which MeOH was used as the catalyst, has been described.62 In
the presence of an excess of methanol and under comparatively
mild conditions, the complete transesterification of tris(tetra-
fluoropropyl) phosphite is observed.62

Dimethyl 1-hydroxymethylphosphonate interacts readily with
tris(tetrafluoropropyl) phosphite, forming the phosphite
(MeO)2P(O)CH2OP(OCH2CF2CHF2)2.n3 Tris- and bis-(fluoro-
alkyl) phosphites proved to be exceptionally mild phosphorylat-
ing agents in the synthesis of oligonucleotides.88' 114>249~256 It has
been suggested that tris(hexafluoroisopropyl) phosphite be used
as the most convenient reagent for the synthesis of DNA
oligomers by the phosphite method. Various type 58-61 phos-
phites are obtained initially from the deoxyribonucleoside phos-
phite.

PHO—P—O—dT, dT— OP[OCH(CF3)2]2
I 59

OCH(CF3)2

58

O. .V-OP[OCH(CF3)2]2, O )-OP[OCH(CF3)2]2

Y
CH2OR

^O—DMTr

60 61

dT = 5'-0-dimethoxytrityldeoxyribonucleosid-3'-yl,
DMTr = dimethyoxytrityl.

A mild synthesis of oligodeoxyribonucleotides employing the
phosphites 62-64 as key intermediates has been described.114

DMTi B
O.

\_7
OH

DMT

[(CF3)2CHO]3P, Py

CH2C12

HO

BzO

DMTi

OP[OCH(CF3)2]2

62

OCH(CF3)2

DMT

64

B = T, BzA, BzC, or BujG (T
BzC = benzoylcytosine, Bu'G

thymine, BzA = benzoyladenine,
isobutyrylguanine).

The ready hydrolysis of phosphites or the reactions with
nucleosides are used in the synthesis of /f-phosphonato-
nucleotides and oligonucleotides. Data on the phosphorylation
of oligonucleotides by certain fluorinated P(III) derivatives can be
found in a recently published review.257 It has also been suggested
that bis(hexafluoroisopropyl) phosphite,199-201 bis(trifluoroethyl)
phosphite,195-196'198-258'259 and bis(trifluoroethyl) trimethylsilyl
phosphite260"263 be used for the phosphorylation of oligonucleo-
tides and natural and common alcohols. The P(III) derivatives 65
and 66 are formed initially in the phosphorylation of nucleosides
by bis(trifluoroethyl) trimethylsilyl phosphite.260

?
Me3SiO

65
RO

~w
OP(OSiMe3)OCH2CF3

66

The nucleophilic substitution reactions of a series of phos-
phites containing the perfluoropinacol fragment have been
investigated.264'265 The electrophilicity of the phosphorus atom
in these systems is so high that it was possible to obtain the
relatively stable bicyclic phosphoranide intermediate 67.

PCI

(CF3)2C-

HO[C(CF3)2]2O N H 4

- N H 4 C I

PH
(CF3)2C-°'

C-.J(CF3)2

NH4
 :

67

( 3 ) 2 \
=±= (rv x I .POC(CF3)2C(CF3)2O NH4 .(Ch3)2 C ^ o '

68

In solution, compound 67 is in equilibrium with compound 68.
The reactions involving the phosphorylation of the alcohols

by R F phosphites proceed under very mild conditions (20 °C).
Thus the reaction of the amidophosphite (Pr2N)2POCH(CF3)2 69
with deoxyribonucleosides takes place selectively with formation
of diisopropylamine.121

R > O ^ B

(Pr2N)2POCH(CF3)2 -

69 OH

R'O—i „ B

-PiiNH,20°C

O—P(NPr2)OCH(CF3)2

R1 = DMTr; B » T, BzA, BzC, Bu'G.

In certain studies, bases such as pyridine have been used as
catalysts of the phosphorylation by RF phosphites,199"201 while
triethylamine has been used as the catalyst for reactions involving
the addition of bis(fluoroalkyl) phosphites to carbonyl com-
pounds such as CF3CHO, CF2C1COCFC12, (C1CF2)2C = O,
(CF3)2C = O,266 and PhC(O)CHCl2

 267 and the alkylation of such
phosphites by halogen-containing crown-ethers.268-269 In the
alkylation of bis(trifluoroethyl) phosphite by functionally sub-
stituted alkyl bromides, sodium hydride is added to the reaction
mixture.270 In many cases, the reaction is carried out for a long
time at a high temperature (80-140 °C).
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Fluorine-free dialkyl phosphites are known to be capable of
undergoing self-alkylation at the phosphorus atom with forma-
tion of phosphonates on treatment with alkali metal alkoxides.271

It has been shown that an anionic-chain mechanism operates in
the special case of the Arbuzov reaction.272

It has been claimed 273 that dialkyl phosphites form salts with
amines such as NEt3, HNEt2, aniline, triethanolamine, toluidines,
etc. In order to test this claim, we prepared mixtures of
(EtO)2PHO, (PrO)2PHO, (Pr!O)2PHO, and (BuO)2PHO with
NEt3.103 However, no changes were observed in the 3I P NMR
spectra of these phosphites after the addition of NEt3. Bearing in
mind that the amines employed in the above study273 are
significantly weaker bases than NEt3, one may doubt the validity
of the results of this study. Only diphenyl phosphite,274"276 methyl
trichloromethylphosphonite,277 and S,S-dialkyl dithiophos-
phites278 are symmetrised to the corresponding full phosphites
on treatment with bases.

On treatment with triethylamine, bis(fluoroalkyl) phosphites
are readily converted into tris(fluoroalkyl) phosphites even at
20 °C (Scheme l).a>2,279 i ^ r e s u l t s i n ths fo r m a t ion of the
mono(fluoroalkyl) phosphite salts 70. In contrast to dialkyl
phosphites, monoalkyl phosphites readily form salts with
bases,280-281 which is used for the separation of the former from

Scheme 1

( R F O ) 2 P H O
NEt3

(R F O) 2 P-O Et3NH
(RFO)JPHO

H O R P

( R F O ) 2 P — O - ^ P — O -

71

ORp

H

(RPO) 2 P — O — P — O R F

O
72

- R F O -

RFOH

( R F O ) 3 P Et3NH

H

70

RF - (CF3)2CH, CF3CH2, CHF2CF2CH2, CHF2(CF2)3CH2.

the latter.
In terms of their reactivities in the reaction presented in

Sheme 1, bis(fluoroalkyl) phosphites can be arranged in the
following order:202 [(CF3)2CHO]2PHO > (CF3CH2O)2PHO >
[H(CF2)«CH2O]2PHO. Evidently, this reactivity series does not
agree in any way with the mechanism of the alkylation279 of
bis(fluoroalkyl) phosphite anions ( R F O ) 2 P O ~ , which are rela-
tively weak nucleophiles, by the initial bis(fluoroalkyl) phosphite.
The latter does not exhibit an alkylating capacity in any of the
known reactions. Diethyl and dipropyl phosphites, which are
stronger alkylating agents compared with fluorodialkyl phos-
phites, also do not alkylate The corresponding phosphite anions,
whereas the reaction with diphenyl phosphite takes place readily.
Apparently, the dialkyl phosphite first attacks the phosphorus
atom of the initial phosphite, the electrophilicity of which is
enhanced by the electron-accepting substituents. The reaction is
accompanied by the formation of the phosphorane intermediate
71. Compound 72 with the P - O - P fragment, formed as a result
of the abstraction of the R F - O ~ anion, decomposes, affording
the salt 70 and a phosphite.

RF-Derivatives of P(III) have been introduced into reactions
with the compounds R3P = NSiMe3 and R3P = N.
.PR2( = NSiMe3) containing the SiMe3 group. 123>282-283 By virtue
of the effective leaving capacity of the O R F groups, nucleophilic
substitution at the P(III) atom takes place under mild conditions.

R3P=N—SiMe3 + (RpO)2PR> —*~

R1

—*• R3P=N—P—ORp + RFOSiMe3

R = Me, Me2N; RF = CF3CH2; R1 = Me, Ph, CF3CH2O;

R1

R3P=N—P=N—SiMe3 +

R1

R1

R3P=N—P=N—F

R1

RpOSiMe3

R = Me, Me2N; R1 - NMe2, CF3CH2O; R2 - Ph, CF3CH2O.

The disproportionation reactions of the RF-derivatives of
P(III) proceed more readily than those of the usual phos-
phites.60-62>98 Thus octafluoropentyl dibromophosphite has been
obtained by the disproportionation of tris(octafluoropentyl)
phosphite in the presence of PBr3 in acetonitrile.284 Exchange
and symmetrisation occur in the interaction of
CHF2CF2CH2OPC12 with piperylene and epoxyethane.60-62 The
reaction of tris(tetrafluoropropyl) phosphite with acetyl bromide
also leads to the formation of exchange products, in contrast to
RH phosphites.285

(CHF2CF2CH2O)3P + 3CH3COBr
140 °C, 8 h

—»- PBr3 + 3CH3COOCH2CF2CHF2.

2. The reactions of fluoroalkoxy-derivatives of P(IH)
involving an increase in the coordination number of the
phosphorus atom
In most of the reactions involving P(III) derivatives, the phos-
phorus atom behaves as a nucleophile, which is associated with the
accessibility of its electron pair and with its tendency to expand its
valence shell. The P(III) -+ P(IV) transition is a reaction extremely
characteristic of the usual RH derivatives of P(III).

The introduction of electron-accepting R F O groups at the
P(III) atom contributes its characteristic features to the course of
many reactions. As already mentioned, the ionisation potential of
the phosphorus lone pair is appreciably higher in the R F O
derivatives of P(III), while the R F - O bond has a 'mesomeric'
character, as a result of which it is strengthened and is much more
difficult to break, particularly if carbenium ions are formed in the
reactions.

a. Oxidation reactions
Atmospheric oxygen does not oxidise fluoroalkoxy-derivatives of
P(III) under the usual conditions.286 Thus, bis(trifluoroethyl)
trichloromethylphosphonite is oxidised by oxygen only under
UV radiation.105

Stronger oxidants — N^,6 0"6 2-6 4-1 0 1-1 8 0-2 8 6 SO3,
73 Bu<-

COOH,287 DMSO,86 O3,288-289 and EtOOEt290291 — have been
used to oxidise R F derivatives of P(III). In the case of ozone,
relatively stable ozonides were obtained.288-289 The oxidation of
the chloride 73 by an excess of N2O4, leading to l,3-dioxa-2,4-
diphosphetane 74, proceeds in an unusual manner.64
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CF3CH2OPCI2 + N2O4

73

25°C,4h

CF3CH2OP

74

W•P. POC

V
:H2CF3 + N O Q + N2o3 .

Sulfur adds to tris- and bis-(fluoroalkyl) phosphites with
much greater difficulty than to the corresponding alkyl phos-
phites. The reaction takes place only after prolonged heating in
dioxane61-62-164-292 or pyridine.293 Only one reaction involving
the addition of selenium to a phosphite, leading to the seleno-
phosphate CF3CH2OP(Se)(OCH2)2, has been described in the
literature.294

2-Nitro-l,l,3,4,4-pentachlorobuta-l,3-diene, which has elec-
trophilic properties and contains fairly mobile terminal chlorine
atoms, reacts fairly readily with fiuoroalkyl phosphites, but, in
contrast to other types of nucleophiles (for example, amines), only
its nitro-group is involved. This results in the oxidation of
phosphites to phosphates in high yields.295 The rate of reaction
increases with increasing nucleophilicity of the phosphite.

b. The Staudinger reaction
Fluoroalkoxy-derivatives of P(III) enter into the Staudinger
reaction with greater difficulty than the RH analogues, the type
75 iminophosphoranes formed are stable and do not undergo
imide-amide rearrangement.296"301

120 °C
( R F O ) 3 P + Me3SiN3 »- (RFO) 3 P =N—SiMe 3 + N2

75

RF - CF3CH2.

This course of the reaction becomes understandable in the light of
data obtained recently on the imide-amide rearrangement,302

which proceeds via an intermolecular chain mechanism with the
intermediate formation of carbonium ions. Thus the rearrange-
ment of the iminophosphorane 76 takes place on heating.107'108

(RO)2P - O - C = C H C O O E t

CF3

PhN3

(RO)2P—O—C=CHCOOEt —*-

II I
NPh CF3

76

Ph

-*• (RO)2P—N—C=CHCOOEt.
O CF3

It was found that the result of the Staudinger reaction for the
cyclic fiuoroalkyl phosphites 77 — derivatives of salicylic acid —
depends significantly on the nature of the exocyclic substituent R F
at the phosphorus atom.103-303 If RF = C6F5, then the inter-
mediate iminophosphorane 78 readily undergoes the
imide-amide rearrangement, affording aM,3,2-oxazaphosphor-
inane 79, but, if RF = CF3CH2 or CHF2(CF2)BCH2 (« = 1, 3),
then the intermediate 78 is almost fully converted into the
diazadiphosphetidine 80. When catechol derivatives are used,
only the diazadiphosphetidines 80 are formed.

77 78

X = COO

X = O

X = 0 , COO; RF = CF3CH2, CHF2(CF2)nCH2 (n = 1, 3), C6F5 .

c. The Arbuzov reaction and its nonclassical variants
Tris(perfluoroalkyl) phosphites do not isomerise even at
250 "C.60-62 The Arbuzov reaction of tris(tetrafluoropropyl)
phosphite with Mel (1:1 ratio) takes place at 220 °C in a stainless
steel test tube,60-62-304 whilst the iodide CHF2CF2CH2I does not
react with the above phosphite.62 The kinetics of such reactions
have been investigated 3O5 and it has been shown that the rate-
determining stage is nucleophilic attack on the P(III) atom. The
decrease in the nucleophilicity of the latter is apparently more
important for the Arbuzov reaction than the enhancement of the
electrophilicity of the C a atom in the RFCH2O group, which
favours elimination via an S//1 mechanism. It is of interest to note
that, in the reaction of the phosphite (EtO)2POCH2CH2F with
EtI, a mixture of the phosphonates (EtO)2P(O)Et and
(EtO)(CH2FCH2O)P(O)Et is formed, whereas the reaction with
Mel affords only the phosphonate (EtO) (CH2FCH2O)P(O)Me.63

The reaction temperature decreases after the addition of
MeOH,304 which is associated with the fact that, not the initial
phosphite, but the transesterification product interacts with RI.

In the presence of two alkyl substituents at the P(III) atom, its
fluoro alkoxy-derivatives form the quasi-phosphonium salts
81-83 with Mel.122 '125-177 '178-306

Me _ Me
^P(OCH2CF3)2I

Et F3C
81 82

\>CH(CF3)2
83

R1,R2 = Me,Et,Ph,But.

These salts do not decompose up to 100-140 °C, which is due,
according to the authors, to the electron-accepting influence of the
CF3 groups on the a-carbon atom.
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However, it is known that electron-accepting substituents
accelerate the substitution reaction via an SN2 mechanism,307 so
that, for example, the stability of compound 83 may be associated
either with the effective shielding of the Ca atom in the hexafluor-
oisopropyl group or with the fact that the elimination stage has
significant features of an SNl process.308

The preparation of the salt 84, stable up to 150 °C, has been
reported.306

Bu 2P-OCH(CF 3) 2 + BC13

OCH(CF3)2

Bu2P
BCI3

84

For the salt 84, the exchange processes do not occur even at
100-150 °C.

The stable quasi-phosphonium salt 86 has been obtained by
the interaction of Mel with the imine 85.125>306 The authors
believe that the stability of the salt 86 and its analogues 87 is due
to the delocalisation of the positive charge on the phosphorus
atom.

Me3P=N—Pi

85

Me

\
MeI

OCH2CF3

Me
Me3P—N—P—OCH2CF3 I ,

Me86

R3 R3

Rjp = N _ P ^ N — P — M e I

87
R2 R2

R1 = Me2N, R2 = CF3CH2O or Ph, R3 = CF3CH2O .

In the quasi-phosphonium salts examined above, an electron-
donating amide or alkyl group was always present together with
the fluorinated substituent at the phosphorus atom, stabilising the
positive charge on the latter.

It has been shown309 that tris(fluoroalkyl) phosphites are
capable of forming the quasi-phosphonium salts 88 with methyl
triflate.

( R F O ) 3 P + MeOSO2CF3 —»

—*-(RFO)3PMe CF3SOJ
RFOH, NEt3

-Et3NHOSO2CF3

(RpO)4PMe

89

RF = CF3CH2) CHF2CF2CH2> CHF2(CF2)3CH2.

The latter are converted into the phosphoranes 89 in a high
yield. The interaction of R F phosphites is much slower than that of
RH-phosphites.310-312 The phosphite 5 with RF = (CF3)2CH
reacts at 120-150 °C,103 while the phosphites 2 and 4 with
R F = CF3CH2 and CHF2(CF2)nCH2 (» = 1, 3) react at 20 °C.
The salts 88 formed have significantly weaker alkylating proper-
ties than RH-phosphonium triflates. This follows from the inert-
ness of tris(fluoroalkyl) phosphites in relation to fluoro-
alkylphosphonium triflates. Even in the presence of 50 mass %
of the triflates 88 in the reaction mixture, the latter do not react
with the initial phosphites, whereas RH phosphites react via a
cationic chain mechanism at an exceptionally high rate.310"312

Another significant difference between the RF-quasi-phosphon-
ium salts and the Rjj-salts is the ability to react with RF-alcohols
at the phosphorus atom, i.e. to phosphorylate alcohols, whereas
RH-phosphonium triflates alkylate alcohols.313

In contrast to acyclic fluoroalkyl phosphites, the cyclic
phosphites 90 — derivatives of salicylic acid — react more slowly
with methyl triflate. This has been established "•103 in a study of

the competing reaction of the phosphites 4 and 90
(RF = CHF2CF2CH2) with MeOSO2CF3 by the 31P NMR
method. The stability of the cyclic salts 91 was found to be lower
than that of the acyclic analogues 88.

.O.

CF3SOJ

RF = CF3CH2, CHF2CF2CH2.

The salts 91 behave in this reaction merely as acylating agents,
forming the phosphonate 92 in the reaction with tetrafluoropro-
panol.

The reactions of carbon tetrachloride with fluoroalkyl phos-
phorites105-314 take place after prolonged heating in CH3CN,
while those with tris(fluoroalkyl) phosphites do not occur at all.
The interaction of the silyl amidophosphonite 93 with CCI4 leads
to the PCl-iminophosphine 94.315

OCH2CF3

(Me3Si)2N—

93

CCU

CH2SiMe3
-CHC13

M e 3 S i — N = P ;

94 Cl

,OCH2CF3

vCH(SiMe3)2

It has been noted that the elimination of CHCI3 in this
reaction is promoted by nonpolar solvents and by the absence of
steric shielding of the protons of the CH2Si fragment in compound
93.

The interaction of iV-benzoyltrifluoroacetimidoyl chloride 95
with tris(tetrafluoropropyl) phosphite proceeds with formation of
CT5-l,4,2-oxazaphospholine 96 (<5p = —41.7 ppm) and the phos-
phonate 97.316

(RFO)3P + CF3C =NCOPh —*-

Cl 95

u

( R F O ) 3 P —C—N—COPh

CF3

( R F O ) 3 P — C — N = C — P h

( R P O ) 3 P

Cl CF3

96

(RFO)3P —C=N—COPh Cl

CF3

I ~RFC1

( R F O ) 2 P — C = N — C O P h

O CF3

97

RF = CHF2CF2CH2.

Striking differences between cyclic and acyclic fluoroalkyl
phosphites, on the one hand, and the corresponding unsubsti-
tuted phosphites, on the other, have been observed in the reactions
of these compounds with the halogens, which lead, depending on
the structure of the P(III) derivative, to different products —
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halophosphates 98, P-haloimines 99, and the phosphoranes 100
and 101 57,64,65,76,77,83,87,96,98,284,317-319

(RFO)3P + X2 (RFO)2P(O)X + RFX
98

X = Cl, Br; R F = CF3CH2 , CF3CMe2, (CF3)2CMe, CF3MeCH,
CHF2CF2CH2, CHF2(CF2)3CH2; «•28*- 315

( R F O ) 2 P H O + X2

R F = CF3CMe2 ,64CHF2CF2CH2;284

(RFO)2P(O)X + HX

98

(Me3Si)2NP(OCH2CF3)2 + Br2 —*

— » M e 3 S i — N=P(OCH2CF3)2Br
99

( R F O ) 3 P + X2 — * • ( R F O ) 3 P X 2

100

R F = (CF3)2CH65.76.77.96 '317;C6F5;98 '316

Me3SiBr;83

RP[OCH(CF3)2]2 + Cl2 RP[OCH(CF3)2]2C12.87

101

It is noteworthy that the compounds containing the CH(CF3)2
substituent react with the halogens to form the stable phosphor-
anes 100 and 101.

The interaction of tris(tetrafluoropropyl) phosphite with
bromine has been investigated by the dynamic 31P NMR method
(Scheme 2).284 As in the case of triethyl phosphites,320-321 this
results in the formation of the quasi-phosphonium intermediate
102. A further three quasi-phosphonium salts 103-105 were
detected in the reaction mixture, and, depending on the ratios of
the reactants and the order in which they were mixed, different
phosphates 106-108 and the bromophosphite 109 were
obtained.284

Scheme 2

(RFO)3PBr BrJ

( R F O ) 3 P + Br2

Br2

(RFO)3PBrBr *- (RFO)2P(O)Br
— R F B I

102 107

(RFO) 3 P

( R F O ) 3 P = O + RFBr

106

Br2 +
(RFO)2PBr *~ (RFO)2PBr2 Br"

109 104

(RFO)4PBr" + (RFO)2PBr,

103 109

*- RFOP(O)Br2 + RFBr
108

109 Br2

——*-RFOPBr2 R O
!03

RFBr
Br3P=O

RF = CHF2 CF2CH2 .

Despite the presence of electron-accepting substituents desta-
bilising the phosphonium centre, the stability of the bromide 102 is
higher than that of its close analogue (EtO)3P+Br Br~ 110. In this
case, it is impossible to explain the greater stability of the
fluorinated salt by the increase in the fraction of the phosphorane
formed in the possible phosphonium <=» phosphorane equilibrium
because, according to 31 P NMR spectroscopic data, the chemical
shifts, which are very sensitive to the position of equilibrium

between phosphonium salts and phosphoranes, are virtually
identical for the two salts 102 and 110 (<5P = 13-15 ppm).* This
effect is apparently due to the fact that substitution at the Ca atom
has certain features characteristic of an Sjfl process. Only in this
case would fluorinated radicals reduce the rate of cleavage.

Another specific difference in the behaviour of the salts 102
and 110 is the ability of the former to enter into disproportiona-
tion reactions with the initial phosphites.

The tricyclic phosphites 111 also afford the phosphoranes
112.48,49

P[CHRF-O]3P + X2

111
• P[CHRF-O]3PX2

112

X = Cl, Br; R F = CF3> CHF2CF2> CHF2(CF2)3 .

The stability of the phosphoranes increases significantly if a
perfluoropinacol fragment is introduced at the phosphorus
atom.155'157-158'160'162 It effectively stabilises the bipyramidal
phosphorus structure.162-319-322 The stabilisation effect is so
strong that it is actually possible to obtain halophosphoranes
with substituents such as CH2Ph,157 NH2, NHBu', N(SiMe3)2>

NMe2, and OSiMe3.155-160 The thermolysis of these compounds
proceeds in an extremely unusual manner:

(CF3)2C-

(CF3)2C-

O Cl
\l |

P—N—P
/ | I I

-°a R

(CF 3 ) 2 C-- O \
PC13

:CF3)2

(CF3)2C

114

R = Me, Bu«.

(CF3)2C-
O C I

\ |\ |
P—OSiMe3

113
O C 1

(CF 3 ) 2 C- \ |
- 114 + I P(OSiMe3)2

(C /

115

115
(CF3)2C- OSiMe3

116

In the case of compound 113, the latter initially dispropor-
tionates to the phosphoranes 114 and 115 after which the
phosphorane 115 is converted into the phosphate 116.160

The catechol derivative 117 reacts with bromine to form the
relatively stable phosphorane 118, its stability being significantly
higher than that of the bis(ethoxy)derivative,320 which readily
decomposes to the phosphate via the Arbuzov reaction. In an
excess of bromine, the phosphorane 118 forms the quasi-phos-
phonium salt 119. When the phosphorane 118 is allowed to stand
(at 20 °C), it disproportionates with formation of P(III) and P(V)
derivatives.323

I The value dp = 2 ppm quoted 48 for compound 102 is erroneous.
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RF = CHF2CF2CH2.

The hexafluoroisopropyl derivative 120 disproportionates to
the phosphoranes 121 and 122, the latter being subsequently
converted into a mixture of the phosphoranes 121 and 123.324

121

RF = (CF3)2CH.

The fluorination of acyclic fluoroalkyl phosphites by fluor-
ine,132 the azide CF3CHFCF2N3,325 or perfluoroepoxypro-
pane326 leads to difluorophosphoranes. The reaction of
bis(tetrafluoropropyl) phosphite with the perfluoroepoxypro-
pane dimer and trimer proceeds with the preferential formation
of the tetrailuoropropyl ester of monofluorophosphorous acid
and bis(tetrafluoropropyl) fluorophosphate.327

Bromocyanogen reacts slowly with RF-alkyl phosphites,
forming the dicyanophosphoranes 124 and the bromophosphates
107,328-329 whereas only phosphates are obtained from the RH
phosphites.330 It has been suggested that the process proceeds via
the intermediate 125a.

BrCN Br

CN

125a

( R F O ) 3 P ( C N ) 2 + (RFO)2P(O)Br

124 107

RF

The nature of the intermediate (125a or 125b) was established
when the above reaction was carried out in the presence of a third
reagent — chloral.331 The phosphates 126 and 127 and the
phosphorane 128 were obtained in this case, indicating the initial
appearance of the quasi-phosphonium intermediate 125b, which
may react with theinitial bromocyanogen. The interaction of the
intermediates 124, ,125b, and 102 with chloral leads to the final
compounds 126-128. The formation.of the phosphates 126 and
127 includes the initial appearance of the salts 129 and 131. and
their subsequent conversion via ligand-exchange into the phos-
phonium salts 130 and 132.

( R F O ) 3 P

II BrCN

f + -
(RpO)3PBrCN

*• 125b

jlccijCHO

• - / C N

(RFO)3PBr OCH

BrCN
(RpO)3PBr Br

102

II

129

( R F O ) 3 P O C H

130

-RpBrl

CC13

Br

CCI3CHO

Br
//

(RpO)3PBr OCH

CCC13

NCCN

| ( R F O ) 3 P

( R F O ) 3 P ( C N ) 2

124

ICCI3CHO

131 CN

( R F O ) 3 P OCH

Br
+ / -

( R F O ) 3 P O C H Br

-RFBr

\
ca3l

128

O CN

(RFO)2POCH O J P O C

126
CC13

( R F O J Z P O C H

127
CCI3

It has been shown 329i332>333 that JV-chloroamines react with
RF-alkyl phosphites to form iminophosphines, but the inter-
mediate monochlorophosphoranes were not detected.

Ph2C=NCl + P(OCH2CF3)3 —*•

• Ph2C=NP(O)(OCH2CF3)2 + CF3CH2C1,

R1

R2

Cl
QRF

C = N — C i + X2PORF
\l — C — N = P X 2

Ph, CF3; R1 + R2 = FYC

X = CF3CH2O; CHF2CF2CH2O;

CFQ -CFCI

CFCI-CFCI

(Y = F, CF3);

O—

An interesting approach to the synthesis of fluoroalkoxyphos-
phoranes has been proposed.334"337 It consists in the successive
treatment of tris(trifluoroethyl) phosphite with diisopropylchlor-
oamine and bisphenol, the role of a base being assumed by the
amine produced during the reaction. The eight-membered hetero-
cyclic compounds 133-135 were obtained in this way.

Me

:CF3)3

133
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The structure of compound 134 was demonstrated by X-ray
diffraction. The determination of the conformations of these
phosphoranes was important for the understanding of the inter-
action of phosphates with the active sites of enzymes in the
presence of sulfur-containing aminoacids.338

The interaction of P(III) derivatives with the halogens and
sulfur(II, IV, VI) halides has many features in common and
represents a nondassicai variant of the Arbuzov reaction.330-339

In contrast to the halogens, sulfur halides have two different
centres (the sulfur and halogen atoms), which are readily polaris-
able and are accessible to nucleophilic attack by the P(III)
atom.339

Considerable attention has been devoted in the literature (see,
for example, Refs 148 and 340-345) to the reactions of sulfur(II,
IV, VI) chlorides with RF-derivatives of P(III). Thus benzenesul-
fenyl chloride interacts with RF-phosphites to form mixtures of
compounds.342

( R F O ) 3 P + PhSCl
-50 °C Cl

( R F O ) 3 P

SPh
136

-*- RFC1 + (RFO)2P(O)SPh

(6)
(RFO)4PSPh

137

I*
(RFO)3P(O) + (RpO)2P(O)SPh + RFCI + PhSPh

R F = CHF2(CF2),,CH2, n = 1, 3;

(a) 20 °C; (6) - 5 0 °C, RFOH, NEt3 .

The intermediate 136 was not detected, but its presence was
deduced from the formation of the unstable monothiophosphor-
ane 137 as a result of the treatment of the reaction mass with a
mixture of the corresponding alcohol and triethylamine at
- 5 0 °C.

The interaction of acyclic and cyclic fluoroalkyl phosphites
with dialkyl phosphonosulfenyl chlorides 138 is accompanied by
the deoxygenation of the latter. 103,148,344,345 T h e c a te chol deriv-
atives 117 also react similarly with compounds 138148> 344> 345 with
the preferential formation of the phosphate 139 and the chlor-
othiophosphate 140.

PORF + (RO)2P(O)SC1

138

O Cl O

P - P(OR)2

O ORF S
141

117

ClP

^O OP(S)(OR)2

143

(RO)2P(S)C1
140

142 + 117

R = Me, Et, Pr; RF = CHF2CF2CH2, CF3CH2, CHF2(CF2)3CH2.

The reaction probably begins with halogenophilic attack on
the phosphorus atom and the formation of the quasi-phosphon-
ium salt 141, which is in equilibrium with the phosphorane 142.
The latter is converted via the salt 143 into the main products 139
and 140. The formation of small amounts of the phosphorylated
phosphoranes 144 and of the o-phenylene phosphite 145 during
the disproportionation process, which has been investigated in
detail in relation to the reactions of the phosphites 117 with
bromine, also constitutes evidence in support of the formation of
the chlorophosphorane 142.323

The mechanism of the reaction of the neopentyl o-phenylene
phosphite 146 with the sulfenyl chloride 138 (R = Et), which also
leads mainly to the phosphates 140 (R = Et) and 147, has been
recently investigated by dynamic 31P NMR (from 100 °C).346 The
authors were able to detect the intermediate 148, which is
analogous to the phosphorane 142 postulated above. On this
basis, it was concluded that the sulfur atom in compound 138 is
initially attacked with subsequent two-step ligand exchange.

(EtO)2PSCl

O

148
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,O OCH2Bu'

Cl

151

OP(S)(OEt)2

O OCH2Bu«

140(R = Et)

147

However, despite such a low reaction temperature, the inter-
mediates 149-151 were not detected. In our view, the data
presented in no way disprove the halogenophilic deoxygenation
mechanism and cannot serve as proof that the sulfur atom is
attacked. The high rates of the reactions of the sulfenyl chloride
138 with both the usual and fJuorinated phosphites may indicate
orbital control in these reactions or initial one-electron transfer
from the phosphorus atom to the CTs_ci-

In the reactions of sulfuryl chloride with fluoroalkyl phos-
phites, the formation of chlorophosphates is accompanied by
oxidation to phosphates.344 It has been suggested that the
chlorophosphonium salt 152 formed initially enters into nucleo-
philic substitution reactions either at a carbon atom [path (a),
intermediate 153] or at the phosphorus atom [path (b), inter-
mediate 154].

( R F O ) 3 P + SO2CI2 •

(RFO)3P

[(RFO)3PC1 C1SOJ]

152

W

o o-

Cl Cl

154

(a)
(RFO)2P — O — R F — C l — S ^ 1

Cl 153 O

• (RFO)3P(O) + SOCI2

O

( R F O ) 2 P ( O ) C 1 + SO2 + RFC1

RF = CHF2(CF2)nCH2 (n = 1,3, 5).

It has been noted 344 that the high electronegativity of the R F O
[RF = CHF2(CF2)nCH2] group hinders the elimination of RF in
the reaction with SO2CI2 and promotes the formation of oxidation
products. However, if the elimination stage were bimolecular, as
described above, then the electron-accepting substituent Rp
would be split off easily. It has to be assumed that the formation
of the P = O bond in the given reaction must take place before the
attack by the Cl~ ion on RF , i.e. the process should possess
features of an S^l mechanism of fission of an alkyl group, which is
naturally hindered by electron-accepting substituents such as
fluorine atoms. It is doubtful if the intermediate 154 has the
character of a phosphorane. Monochlorophosphoranes have been
obtained only for RF = CH(CF3)2

341 and in all the remaining
cases only quasi-phosphonium salts are formed from acyclic
fluoroalkyl phosphites. Ligand exchange in the salt 152 and
nucleophilic attack on the sulfur atom are therefore more prob-
able, as shown in relation to trifluoroethyl chlorosulfate.

R 2 — P
R1 /

+ CF3CH2OSO2CI

R3
R \ +

 R \ +
R2 —PCI C F J C H J O S O J :=±= R 2 — POS(O)OCH2CF3 Cl

R'
155

P

R1
- ^ P = O + CF3CH2OS(O)C1

CF3CH2C1 + SO2

R1 = R1 = R3 = ORF; R1 + R2 = , R3 = ORF,

where RF = CF3CH2, CHF2CF2CH2, CHF2(CF2)3CH2, (CF3)2CH,
C6F5.

The reactivity of trifluoroethyl chlorosulfate towards fluoro-
alkyl phosphite is lower than that of sulfuryl chloride.103-344

According to the authors, the reactions involve the initial
formation of the chlorophosphonium salt 155 and subsequent
ligand exchange with formation of the intermediate 156, the
decomposition of which leads exclusively to a phosphate (the
yield is quantitative).

The fact that the first stage in the reaction of trifluoroethyl
chlorosulfate with RF-phosphites is nucleophilic attack on the
chlorine atom is confirmed by the results of the reaction of
trifluoroethyl chlorosulfate with the silyl phosphite 157, which
leads to a bis(fluoroalkyl) chlorophosphate.344

CF3CH2OSO2C1 —-
157

—>• (RFO) 2 P(O)C1 + [CF3CH2OS(O)OSiMe3]

RF = CHF2CF2CH2.

In contrast to the reactions examined above, the interaction of
trifluoroethyl chlorosulfate with fluoroalkyl o-phenylene phos-
phites 117 takes place with formation of the phosphoranes 158
and the phosphates 139. The phosphoranes 158 are obtained as a
result of ligand exchange between the initial phosphite and the
intermediate chlorophosphorane 159. However, the main path in
the reaction of the latter is transition via the salt 160 to the
phosphate 139.

PORF + CF3CH2OSO2C1

C F J C H J O S O J

159

ORF

OSOCH2CF3

O

ORF

Cl

OSOCH2CF3

O
160

CF3CH2OS(O)C1,

139
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R1 R2 R3

-SO2
P — O R F + 142.

° OCH2CF3

158

The chlorosulfurane 161 readily reacts with RF phosphites to
form the phosphoranes 162 and 163,340344 which are converted
into compounds 164-166 as a result of exchange reactions with
the initial chloride 161 and disproportionation.

( R F O ) 3 P (RFO)3SC1

161

(RFO)4PC1

162

-S(OR F ) 2

±S(ORF)2

164

(CF3)2C-'Ov
P—F + 161

-o
-S(OR F ) 2

(CF 3 ) 2 C-

(CF 3 ) 2 C-
/ P - O R F .

OO Cl
(CF 3 ) 2 C-\ |

I P - O R F +
(CF3)2C^ /\

165

163

| P—ORF

166

Thus the reactions of fluoroalkyl phosphites with sulfur
chlorides and bromine have shown that a whole series of
characteristic features, associated primarily with the low nucleo-
philicity of the P(III) atom and the hindrance to the elimination of
the fluoroalkyl group from quasi-phosphonium intermediates, are
typical of fluorinated P(III) derivatives. This leads to new reaction
paths and unusual ways in which halophosphoranes and quasi-
phosphonium salts are stabilised, such as transition to P(V) and
P(III) compounds via exchange and disproportionation reactions.

It is known from theoretical studies and data on the stability of
phosphorus(V) compounds246'248 that electronegative groups
stabilise the phosphorane molecule. As we have already noted,
fluoroalkoxy-groups have electron-accepting properties and
effectively stabilise phosphorane structures and this is the reason
why much attention has been devoted in the literature to the
synthesis of stable phosphoranes from Rp-phosphites.

The stable phosphoranes 167 have been synthes-
ised95-97'135-140-150 via the reaction of RF-phosphites with
sulfenic acid esters (Scheme 3).

Scheme 3

R \
R1—P
R 2 '

+ RpOSPh —*- R
R\

R 2 /

I

r&. R i_^ P ( O R F ) 2 +

R2 16'

•M.
R3

R1—PORi
R2

1
R \R
R2/

P °

7

- SPh

SPh

P (
ORF

68

PhSSPh

+ PhSRF

CF3CH2O
Ph
Ph
C6F5O
(CF3)2CHO
(CF3)2CHO
(CF3)2CHO

- O C H 2 C H 2 O -
- S C H 2 C H 2 S -

CF3CH2O
CF3CH2O
Ph
C6F5O
(CF3)2CHO
(CF3)2CHO
Ph

-MeNCH 2 CH 2 NMe-

CF3CH2O
CF3CH2O
CF3CH2O
C6F5O
(CF3)2CHO
Ph
Ph

(CF3)2CHO
(CF3)2CHO
(CF3)2CHO

RF = CF3CH2, (CF3)2CH;

It was suggested that, in the interaction of Rp-phosphites with
sulfenic acid esters, the P atom is inserted in the S - O bond with
formation of the alkoxythiophosphorane 168. Such mixed phos-
phoranes have been obtained for R1 = R2 = R3 = CF3CH2O and
(CF3)2CHO95-96 (5P = 50-54 ppm). Next, the phosphorane 168
reacts via path (a) with yet another PI ISORF molecule, forming
the pentaalkoxyphosphorane 168. Path (b) operates for substitu-
ents at the phosphorus atom with more pronounced electron-
donating properties.

The interaction of the hexafluoroisopropyl ester of sulfoxylic
acid with fluoroalkyl phosphites results in the formation of a
mixture of products.341

4(RFO)3P + S(ORF)2 — ^

—*• (RFO)5P + (RFO)3P(S) + ( R F O ) 3 P ( 0 ) + RFORF

RF = (CF3)2CH.

3. Reactions of fluoroalkoxy-derivatives of P(III) with
carbonyl compounds and their aza-analogues
The reactions of fluoroalkoxy-derivatives of P(III) with carbonyl
compounds have been investigated for a comparatively small
number of carbonyl compounds, among which most attention
has been devoted to hexafluoroacetone. This is not fortuitous,
because the latter forms with various P(III) derivatives a5-1,3,2-
or <JS- 1,4,2-dioxaphospholanes, which are of great interest in view
of their stability and the possibility of studying the structures of
pentacoordinate phosphorus compounds, the role of which in
biochemical processes is very important.143-347 The importance of
fluoroalkoxyphosphoranes in organic synthesis has also been
increasing.348

a. Bis(fluoroalkyl) phosphites
Bis(fluoroalkyl) phosphites are stronger acids than dialkyl phos-
phites.47 The nucleophilicity of phosphorus in the P(III)-tauto-
meric form of bis(fluoroalkyl) phosphites is lower than in dialkyl
phosphites.

The products of the phosphonate-phosphate rearrangement
(hexafluoroisopropyl phosphates) have been obtained in the
interaction of bis(fluoroalkyl) phosphites with (CF3)2C = O in
the presence of NEt3.160-266 Fluorodialkyl phosphites readily add
to fluoral and chloral with formation of 1-hydroxy-
phosphonates,62'208 which are converted into phosphates or
vinyl phosphates on heating in the presence of NEt3. Hexafluoro-
acetone iV-benzenesulfonylimine reacts with bis(tetrafluoro-pro-
pyl) phosphite to form a stable 1-aminoalkylphosphonate.349

The kinetics and mechanism of the addition of
bis(fluoroalkyl) phosphites to benzylideneacetone, chalcone,
butyl cinnamate and p-methoxycinnamate, and also to a phenyl-
glyoxylic acid ester have been investigated.350'351 The reduced
reactivity of bis(fluoroalkyl) phosphites in the Abramov and
Pudovik reactions as well as certain specific features of their
behaviour uncharacteristic of the usual dialkyl phosphites have
been noted. For example, an excess of bis(fluoroalkyl) phosphite
in the reaction of benzylideneacetone in the presence of RpONa
lowers the rate of reaction compared with the rate of reaction of



958 V F Mironov, IV Konovalova, L M Burnaeva, E N Ofitserov

dialkyl phosphites, which the authors attribute to the formation of
fairly stable hydrogen-bonded complexes between the free acid
and its anion.

The esters of ot-ketocarboxylic and mesoxalic acids react with
bis(fluoroalkyl) phosphites to form the 1-hydroxyphosphonates
169. The phosphonate obtained from ethyl pyruvate (R = Me)
partly undergoes the phosphonate-phosphate rearrangement
during distillation, while the analogous phosphonate synthesised
from the phenylglyoxylic acid ester (R = Ph) is fully converted
into the rearrangement product 170.99-352

( R F O ) 2 P H O + RCCOOEt —*- ( R F O ) ^ —C(R)COOEt

n ii i
O O OH

169
—*- (RFO)2POCHCOOEt

O R
170

RF = CF3CH2) CHF2CF2CH2; R = Me, Ph, COOEt.

acetoacetic 356> 359 and pyruvic360 acids, 1,1-dichloroacetophe-
none,266 pentafluorophenylbromoacetophenone,361 dimethyl tri-
chloroacetylphosphonate,90 fluorinated aldehydes,49'208 and
chloral and bromal.362-363

Hexafluoroacetone reacts with fluorinated P(III) derivatives
to form phospholanes of three types: a5-l,3,2- and a-1,4,2-
dioxaphospholanes 17485-86-118-122-13°-141-142-161-177>178-355 and
17514,86 respectively, as well as <yM,2-oxaphosphetanes
1 7 6 84,86,122, no, 155,177,178,354 I n ^ cax o f fiu o r Oalkyl phos-
phites, mainly the o-5-l,3,2-dioxaphospholanes 174 are formed.

R ' \
R2—P r

CF3
174

H R3 175

The fluoroalkyl groups at the phosphorus atom in the 1-hydr-
oxyalkyl phosphonate obtained from bis(tetrafluoropropyl)
phosphite and 2-acetoxyethyl methyl ketone promote a more
ready occurrence of the phosphonate-phosphate rearrangement
compared with the fluoroalkyl groups in the 1-hydroxyalkyl-
phosphonate obtained from diethyl phosphite.116

The reactions of bis(fluoroalkyl) phosphites with ethylidene-
acetylacetone and ethyl acetoacetate and benzylidenemalonate
are exothermic. In the presence of a catalyst, they lead to the
phosphonates 171.353 On heating, compounds 171 cyclise (prob-
ably via the enolic form 172) to the aM^-oxaphospholenes 173.

( R F O ) 2 P H O + RCH=CR1R2
RpONa

) 2 P C H

O

( R F O ) 2 P C H R C H R > R 2 .

171

O

O H O ^
Me

(RFO;A
^CH' ^ R '

R
172

R = Me, Ph; R1, R2 = MeCO, COOEt; RF = CF3CH2, CHF2CF2CH2.

An analogue of the phosphonates 171, containing OEt
substituents instead of O R F , cyclises under much more severe
conditions than compounds 171, which is associated with the
greater leaving capacity of the fluoroalkoxy-group compared with
the ethoxy-group. The phosphonate 171, obtained from benzyli-
denemalonic ester which is incapable of enolisation, does not give
rise to the phospholene 173.

b. Fluoroalkyl phosphites, phosphorites, phosphinites, and
amidophosphites
Fluoroalkyl phosphites, amidophosphites, phosphinites, and
phosphonites have been allowed to react with hexafluoroace-
(one84-86,118,122,130,141,155,161,177,178,354,355 diacetyl 161 per-
fluorodiacetyl,137-140-143-144-147 carboxylic ot-ketoacid esters,351

benzoylnitrile,90 o-anthraquinone,133 diethyl mesoxalate,356

o-chloranil,357-358 halogen-containing esters of di- and trifluoro-

CH(CF3)2

176

R1, R2, R3 = Ph, Et, Me, RO, (CF3)2CHO.

It has been suggested that P(III) initially attacks the carbon
atom of the carbonyl group with formation of the dipolar ion 177,
which is converted into the zwitterion 179 via the phosphorane
178.

R 2 — P + (CF3)2CO

R3

R\+ °
R2—P—C(CF3)2 :=±=

R3 177

R3
178

C(CF3)2

R 1 v -
= ; ^ R2—POC(CF3)2 .

R3 179
If one of the substituents at the P atom contains protons at the

a-carbon atom, such a proton may be transferred to the carba-
nionic centre of the dipolar ion 179 with formation of the ylide
180.

(CF3)2

R2
180

The addition of a second acetone molecule to the intermedi-
ates 177, 179, and 180 leads to the final reaction products
174-176. The intermediates 177-179 were not detected by any
methods.

It is noteworthy that analysis of the available data on the
reactions of P(III) derivatives with hexafluoroacetone, in which
CT5-l,4,2-dioxaphospholanes are formed,86-122-181-364-369 does
not reveal the causes of the formation of the latter and the factors
promoting the appearance of 1,3,2-dioxaphospholanes. 1,4,2-
Dioxaphospholanes have been obtained from cyclic and acyclic
P(III) derivatives containing both electron-donating (NR2) and
electron-accepting [F, OCH(CF3)2] substituents, as well as bulky
groups. A particularly effective example is quoted in a study 366 in
which the synthesis of the phosphorane 181 is described.

The structure of compound 182 is interesting as a model of the
intermediate 178 containing a three-membered ring.370
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Me

(

181 182

The reactions of cyclic fluoroalkyl phosphites with perfluoro-
diacetyl have been investigated143> l44> 147 and it has been shown
that they proceed stereospecifically — with retention of con-
figuration at the phosphorus atom. The authors believe that this
is a consequence of the attack by P(III) on the oxygen atom.

Bu'

OCH(CF3)2

N C - C F 3

CF3

Bu1

OCH(CF3)2

, C - C F 3

Bu1

"0—P^ \

CF3

It has been suggested that the phosphorane 183 be used as a
phosphorus-containing model of the P(V)-intermediate cyclic
nucleotide for enzymic reactions. It has been shown by NMR
(500 MHz) that the phosphorinane ring exists predominantly in
the twist-conformation.

OCH(CF3)2

C—CF3

183 CF3

Fluoral and tetrafluoropropanal react with fluoroalkyl phos-
phites49-208 and fluoroalkyl chlorophosphites49'136 to form
CT5-l,4,2-dioxaphospholanes. For example, the chlorophosphite
184 forms an unstable intermediate monochlorophosphorane 185
(dp = — 40 ppm), which is readily converted into the a5-1,4,2-
dioxaphospholane 186:

EtO

R F O
—Q + 2R'FCHO

184

EtO
I

RF = CF3CH2, RF = CHF2CF2.

Diethyl mesoxalate,356 o-chloranil,356-357 and the ethyl ester
and nitrile of phenylglyoxylic acid352 react with fluoroalkyl

phosphites to form a5-l,3,2-dioxaphospholanes; the reactions
take place under more severe conditions than those with alkyl
phosphites.

A single example of the interaction of the fluoroalkyl phos-
phites 117 with a-diimines371 to form the aM,3,2-diazaphospho-
line 187 has been described.

O

PORF + Me—C—C—Me

BuN NBu

Me

RF = ( C F 3 ) 2 C H > C F 3 C H 2 .

It is noteworthy that alkyl phosphites do not interact with
mono- and di-imines.372

Carbonyl compounds containing a mobile halogen atom have
been less studied in reactions with fluoroalkoxy-derivatives of
P(III) — there have been only a few communications on this topic.
Thus tris(tetrafluoropropyl) phosphite undergoes the Perkow
reaction with chloral (in a stainless steel tube at a tempera-
ture > 200 "C),60-62 with halogen-containing esters of di- and tri-
fluoroacetoacetic358 and pyruvic x acids, with 1,1 -dichloroaceto-
phenone,267 with pentafluorophenylbromoacetophenone,361 and
with dimethyl trichloroacetylphosphonate.90 Tris(tetrafluoro-
propyl) phosphite also undergoes the Perkow reaction with
polychloronitrosoethanes.373

(RFO)3P + RC12CN=O ( R F O ) 2 P - O — N = CC1R + RFC1

O

RF = CHF2CF2CH2, R = CICH2, Me.

A detailed reinvestigation of the reaction of tris(fluoroalkyl)
phosphites with chloral showed 363 that it begins even at 20 °C and
leads mainly to the aM,4,2-phosphorane 188, the phosphate 189,
and small amounts of the vinyl phosphite 190.

(RFO)3P + CC13CHO
20 °c

( R F O ) 3 P V I
CHO

188 CCI3

(RFO)3P=O

189

(RFO)2POCH=CCl2 .

190

The fundamental results obtained in the study of the reactions
of fluoroalkyl phosphites with chloral are briefly surveyed
below. 103,362,363,374.375 I n t h e first plaCg; j t w a s p o s s i b l e tO

demonstrate the reversibility of the formation of the phosphor-
ane 188, which decomposes at 100 °C into the initial compounds
and is reformed at 20 °C.360 In the case of tris(trifluoroethyl)
phosphite, the corresponding phosphorane 191 was isolated in the
form of one diastereoisomer;375 the stereoselectivity of the reac-
tion is > 90%.

20 °C /> -CH-CCl 3

(CF3CH2O)3P + CCI3CHO *~ (CF3CH2O)3P^. |

CHO

191 CCb

An extremely unusual fact was noted in the reaction of the
phosphite P(ORF)3 with chloral in the presence of the alcohol
R F O H : together with the phosphate 189, the fraction of which
increases, the phosphorane 188 is also produced.103-363 The
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product of the Perkow reaction — the vinyl phosphate 192 — is
formed only at 160 °C.60-62-363 Hence it follows that fluoroalkyl
phosphites react with chloral predominantly at the carbonyl
group, but the dechlorination of the CCU substituent also takes
place to a slight extent.

(RFO)3P + CCI3CHO —>-

RFOH, 20 °C

R'

160 °C

188 + 189 + CHCljCHO

(RFO)2P(O)OCH =CC12 + RFC1

192

Chloral proved to be an effective catalyst of the oxidation of
fluoroalkyl phosphites by oxygen.362

(RFO)3P + CCI3CHO
O2,2 h

• ( R F O ) 3 P = 0 .

189

The initial attack on the carbon atom of the carbonyl group
has been confirmed also by the results of the reaction of
chloroalkyl phosphites with chloral in the presence of Lewis
acids.374 When SbCl5 was used, the betaine 193 with a P - C
bond, stabilised by coordination to the Lewis acid at the anionic
centre, was obtained. At 20 °C, the betaine 193 is slowly converted
into the quasi-phosphonium salt 194 with a P -Cl bond.

( R F O ) 3 P + CCI3CHO
SbCl5

( R F O ) 3 P —CH

193 ^

— » (RFO) 3 PC1 Cl2C=CHOSbCl5.

194

The betaine 195 (dp = 26 ppm), obtained by the interaction of
tris(fluoroalkyl) phosphite with chloral in the presence of
BF3 • OEt2, undergoes various reactions on heating, one of which
is intramolecular fluorination to the difluorophosphorane 196
(dp = -57.9 ppm, ' / p F = 894 Hz).363

BF3OEt2
( R F O ) 3 P + CC13CHO *•

-Et2O

CO,
+

( R F O ) 3 P — C H

195 ^
CC13

( R P O ) 2 P —CH

F

1%

OB x

ORF

The asymmetric fluoroalkyl phosphites (RFO)2POR, contain-
ing one nonfluorinated substituent, react with chloral to form a5-
1,4,2-phospholanes with a P - C bond [R = Et, (EtO)2P(O)CH2],
which are stable at 20 °C.' •3 We obtained the same result for cyclic
fluoroalkyl phosphites.138-139 The reaction with chloral led to the
isolation for the first time of both a5-l,4,2-dioxaphospholanes
197 and cr5-l,3,2-dioxaphospholanes 198, the structures of which
were confirmed by NMR data (Sp = —20 to —30 ppm for
compound 197 and —42 to —50 ppm for compound 198).
Bromal gives rise to 1,4,2-dioxaphospholanes 197 only.

/
PORF + CX3CHO

—CX3

RFO
cx3

197

ORF

X .
O O - C H - C X 3

I CX3CH0

,O-CH-CX3

D-CH-CX3
ORF

198

R = R' = H, Me; R = H, R' = Me; R = tx-Me, R' = P-Me(</,Q;
RF = CHF2CF2CH2; X = Cl, Br.

There exist two points of view in the literature concerning the
mechanism of the rearrangement P+—C—O~-»P+—O—C~.
One of them is that of Ramirez,376 who believes that the
rearrangement proceeds via the formation of a six-membered
cyclic diphosphorane, i.e. is bimolecular. This cyclic diphosphor-
ane has been recently obtained from PhCHO and ethyl pinacol
phosphite,377 which confirmed this mechanism.

^P-C-6 ^
o—c

XX
According to the second point of view, the rearrangement

involves the formation of a three-membered transition state (or
intermediate) on the path to the POC adduct, i.e. follows a
unimolecular path.378-379 Theoretically, one cannot rule out also
the possibility of a direct electrophilic attack by P on the oxygen
atom of the C = O group.379

When 05-l,3,2- and a5-1,4,2-dioxaphospholanes are formed
simultaneously, their ratio should be affected by the dilution.
When the C = O group is attacked simultaneously at the O and C
atoms, the dilution of the reaction mixture should not lead to a
significant change in the ratio of the phospholanes 197 and 198.
Where the rearrangement follows a bimolecular mechanism,
dilution should diminish the fraction of the phospholane 198.
When the P atom attacks the C = O group at the C atom with an
intramolecular rearrangement, the fraction of the phospholane
198 should increase with dilution. The experimental data
obtained139 for d, /-2,3-butylene tetrafluoropropyl phosphite and
chloral have shown that the fraction of the phospholane 198
increases with dilution, whilst that of the isomer 197 falls, which
confirms the intramolecular character of the rearrangement
P + - C - O - -> P + - O - C - in the case of chloral.

The results obtained in the study of the reaction of bromal
with fluoroalkyl phosphites differ from those for chloral.363-375

Bromal is much more reactive than chloral. When bromal is
employed, the vinyl phosphate 199 and the phosphate 189 are
formed as the main products. The dibromovinyl phosphite 200
was also detected in a small amount.
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( R F O ) 3 P + CBr3CHO
20 °C

—*- (RFO)2P(O)OCH=CBr2 + ( R F O ) 3 P = 0 +

199 189

+ (RFO)2POCH=CBr2.
200

When this reaction is carried out in the presence of an alcohol,
the phosphate 189 (yield ~97%) and the aldehyde CHBr2CHO
are formed. This reaction has been proposed in the literature as a
test reaction for the halogenophilic mechanism.380'381 Under these
conditions, even the use of a much less acid alcohol (propanol)
affords more than 90% of the phosphate 189.103-363

(RFO)3P + CBr3CHO — -

R F O H

20 °C

PrOH

*• 189 + CHBr2CHO + RFBr

*. 189 + CHBr2CHO + PrBr
20 °C

RF = CHF2CF2CH2.

Taking into account the difference between the reactivities of
chloral and bromal and also the fact that the rate-determining
stage in the Perkow reaction is the nucleophilic attack by the
phosphorus atom, a halogenophilic mechanism has been pro-
posed for the reactions of fluoroalkyl phosphites with bro-
mal103,363

The use of a third reagent (a Lewis acid) in the reaction with
bromal on the whole confirms that the bromine atom is attacked,
but in this case the shielding of both the carbonyl group and of the
phosphorus atom by bulky substituents plays a certain role. Thus,
when SbBrs is used as the Lewis acid, the quasi-phosphonium salt
201 with a P—Br bond is formed. The salt 202 is obtained similarly
from the branched tris(hexafluoroisopropyl) phosphite and
SbCls.103 On the other hand, the interaction of the complex
CBrsCHO • SbCls with tris(tetrafluoropropyl) phosphite leads to
the formation of the betaine 203.374

( R F O ) 3 P + CBrjCHO

SbBr5

RF = CHF2CF2CH2

SbCls

R F = CH(CF3)2

SbCls

R F = CHF2CF2CH2

(RFO)3PBr Br5SbOCH=CBr2

201

[(CF3)2CHO]3PBr Cl5SbOCH=CBr2

202
+ / C B r 3

(RFO)3P - C H

203\osbci5

The betaine 204, stabilised by coordination to BF3, is converted
into the difluorophosphorane 205 (<5p = — 77.9 ppm, ' / P F =
729.6 Hz) after being kept at 20 °C.

/ C B r 3

(RFO)3P -CH _ —*- (RFO)3PF2
X O B F 3

204 205

RF = CHF2CF2CH2.

When oxygen is bubbled through a mixture of a phosphite and
bromal, the oxidation product — the phosphate 189 — is formed
in 100% yield.362

(RFO)3P + CBr3CHO

RF = CHF2CF2CH2.

( R F O ) 3 P = O

189

This is an extremely important result, indicating the appear-
ance of radical species during the reactions of fluoroalkyl
phosphites with bromal, i.e. the occurrence of a one-electron
transfer. Only in this case is there a possibility of catalysis of the
reactions of phosphites with paramagnetic oxygen. A possible
mechanism of the interaction of fluoroalkyl phosphites with
bromal is presented below.103

(RFO)3P + CBr3CHO =^= [(RFO)3P CBr3CHOJ =^=

^ [(RFO)3PBr OCH =CBr2] —*•

( R F O ) 3 P + _

200 + [(RFO)4P Br] —*~ 189 + RFBr

[(RFO)3POCH =CBr2 Br] —*- 199 + RFBr

RF =CF3CH2, CHF2CF2CH2, (CF3)2CH.

We may note that the appearance of small amounts of vinyl
phosphite as well as bromophosphites in reactions with bromine is
associated with ligand exchange between the quasi-phosphonium
intermediates and the initial fluoroalkyl phosphite.

The interaction of the phosphite 117 with chloral and bromal
is complex.103'382-383 P(III) derivatives, formed on cleavage of the
CCI3 group and representing disproportionation products, were
detected together with cr5-1,3,2- and a5-l,4,2-dioxaphospholanes
in the reaction with chloral.383

The replacement of chloral by bromal increases the contribu-
tion of the processes accompanied by the partial reduction of the
CBr3 group. The reaction products are the monocyclic pentaalk-
oxyphosphorane 206, the phosphate 139, and a small amount of
the vinyl phosphite 207 (Scheme 4).382 It was also possible to
make the interesting observation that the above reaction is
accelerated on UV irradiation.103 These data as well as the results
of the interaction of oxygen with the phosphite 117 in the presence
of bromal, leading to the phosphate 139, indicate the occurrence
of one electron transfer in the reaction with bromal. The inter-
action of the phosphite 117 with bromal in the presence of R F O H
leads to the phosphate 139, the phosphorane 208, and dibromoa-
cetaldehyde, which also confirms that the phosphorus atom
attacks the bromine atom of bromal. When the last reaction is
carried out in the presence of a base, the phosphorane 208
becomes the only phosphorus-containing reaction product.382

On heating, the phosphorane 206 decomposes to the vinyl
phosphate 210; when it is kept for a long time at room temperature
in an acid medium, symmetrisation results in the formation of
various phosphoranes containing both one and two catechol
fragments and different acyclic substituents.

Thus the reaction of the phosphite 117 with bromal proceeds
via a halogenophilic mechanism with the intermediate formation
of the bromophosphorane 209, which adds to the C = O bond of
bromal, affording the phosphorane 206. The monobromo-
phosphorane 209 is unstable and decomposes to the vinyl
phosphate 210 at 20 °C.
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Scheme 4

CHBr2CHO + RFBr

1-RpBr

139

,O 0 R F

il X 5r

"O OCH=CBr2

-RFBr

O
^POCHBrCBr3 -

OCH=CBr 2 -RpBr

206

CBr3CHO,
!H=CBr2

210

RF = CHF2CF2CH2.

c. 2-Fluoroalkyl-4-oxo-5,6-benzo-l,3»2-dioxapbosphorinanes
The stabilisation of the pentacoordinate phosphorus structure by
the fluoroalkoxy-substituent makes it possible to obtain spiro-
phosphoranes with an endocyclic POC(O) fragment. The phos-
phorylated salicylic acid derivatives (salicyl phosphites) used in
this reaction are of considerable interest as reagents in the
synthesis of phosphorus-containing natural products,384 func-
tioning as acylating and phosphorylating agents simultaneously.
Fluoroalkyl salicyl phosphites have been allowed to react with
hexafluoroacetone,165-385 the esters of trifluoropyruvic,386"388

pyruvic,360-388 and mesoxalic acids,356-388 chloral,389 bromal,359

dimethyl trichloroacetylphosphonate,383 halogencontaining
esters of di- and tri-fluoroacetoacetic acids,358-359 a-diketones
and a,(3-unsaturated ketones,390-391 and imines.392

Fluoroalkyl salicyl phosphites 211 react in a very unusual way
with chloral and bromal, 1,4,2-dioxaphosphepanes 212 being
produced in the former case with a stereoselectivity > 90%.389

O R F

O 211

O 212

RF = CF3CH2> CHF2CF2CH2, C6F5.

The interaction of hexafluoroacetone and ethyl pyruvate with
compounds 211 affords 1,3,2-dioxaphosphepanes 213. Methyl
and diethyl trifluoropyravates and mesoxalates react in a very
unusual manner, forming a5-spirophosphoranes 214 at —40 °C
and the products 213 at 80 °C. Compounds 214, containing
salicylic acid fragment which is readily eliminated on heating,
being converted into a4-l,3,2-dioxaphospholanes 215.

ORF

C—C
/

H I R'
O R2

213

|| ORF

-R2 A
1

-R l

R2

O
214 215

RF - CF3CH2,CHF2(CF2)nCH2(n = 1, 3);

R i = R2 _ C F j GOOEt; R1 = CF3, R2 = COOMe.

Bromal and dimethyl trichloroacetylphosphonate, which are
more reactive than chloral, react with fluoroalkyl salicyl phos-
phites 122 to form the vinyl phosphates 216—the products of the
Perkow reaction, which is accompanied by 100% ring opening.
The nonfluorinated salicyl phosphites 211 form both cyclic and
acyclic vinyl phosphates. The latter cyclise on heating.359-383



Fluoroalkoxy-derivatives of trivalent phosphorus: synthesis and reactivity 963

f N O R CX-C(O)R'.
II / - R X

CO

o
211

R = CF3CH2, CHF2CF2CH2, Me, Bu;

R1 = H, X - Br; R1 - (MeO)2P(O), X = Cl.

Fluoroalkyl salicyl phosphites 211 interact readily with imines
to form 1,4,2-oxazaphosphepanes 217.392 It has been suggested
that the inline nitrogen atom behaves as a nucleophile.

P O R F
MeN = CHPh

ORF

CH—Ph

217

= ( C F 3 ) 2 C H 2 , C F 3 C H 2 .

Dibenzoyl reacts with the phosphite 211 (RF = CF3CH2) to
form the unstable CT5-l,3,2-dioxaphospholene 218, which readily
eliminates the salicylic acid fragment on heating and is converted
into aM,3,2-dioxaphospholene 219.390-39'

PORF

C6F5CCH=CHPh
II

2 ,

C6F5

220

222.

Despite the presence of the electron-accepting pentafluorophenyl
substituent, l-pentafluorophenyl-3-phenylprop-2-en-l-one (the
fra/w-isomer) reacts with salicyl trifluoroethyl phosphite only on
heating.390-391 As in the case of dibenzoyl, the final product is a
a4-l,2-oxaphospholene 221, which does not contain a salicylic
acid fragment. The 1,4-adduct (the phosphorane 220) formed
initially is unstable and decomposes to the phospholene 221 under
the reaction conditions.

The esters of halogen-substituted acetoacetic acids undergo
the Perkow reaction with the salicyl phosphites 211, the process
being accompanied by the regioselective cleavage of the anhydride
fragment (in the case of fluoroalkyl salicyl phosphites) or partial
elimination of the acyclic group (in the case of alkyl salicyl
phosphites).358'359 The reactions are highly stereoselective and,
when a dibromo-ester is used, lead to the isomers 223 with the
Www-disposition of the ester group and the phosphorus-contain-
ing fragment (yield more than 90%), whereas in the case of the
chloro-ester they lead to the thermodynamically more stable cis-
isomers 224 (yield 60%-80%). The phosphates 223 and 224
cyclise on heating with formation of compounds 225 and 226.
Taking into account the greater reactivity of the dibromo-ester
compared with the chloro-ester, one may assume that, when the
former is employed, a halogenophilic mechanism operates (the
intermediate 227 is formed), whereas in the case of the chloro-ester
there is attack on the carbon atom of the carbonyl group (the
intermediate 238 is formed).

SSCOOMe

Br

F2HC COOMe

219 222
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A

-RBr

COOMe

Br

COOMe

225

R = Et, CF3CH2, CHF2CF2CH2;

O Cl
II I

FjCC-CHCOOEt

COOEt

Cl

COOEt

COOEt
A

-RC*

COOEt

226

R - Et, CF3CH2, CHF2CF2CH2.

d. Bis(fluoroalkyl) isocyanatophosphites
The introduction of fluorinated substituents into the molecules of
isocyanatophosphites not only lowers the nucleophilicity of the
phosphorus atom in these compounds in reactions with carbonyl
compounds and their aza-analogues but also determines a whole
series of specific features of the behaviour of these isocyanates: the
formation of the products of the dimerisation of a4-1,3,2-
oxazaphospholines and the complete absence of the products of
the imide-amide rearrangement, cycloaddition to the P = N
bond, and the formation of stable phosphor-
anes.89-90-117,233,352,393 Certain aspects of the influence of fluoro-
alkyl groups on the reactivity of isocyanatophosphites in reactions
with carbonyl compounds have been demonstrated.345

Thus the formation of stable <j*-l,l,2- and aM^^-oxaza-
phospholines and 231 is characteristic of the interaction of
fluoroalkyl isocyanatophosphite 229 with phenylglyoxylic and

pyruvic acid esters.117-361 The oxazaphospholines obtained from
unsubstituted isocyanatophosphites are unstable and undergo
rapidly the imide-amide rearrangement.394-395

(RFO)2PNCO + R1—C—COOR2

229 O

(RFO)2PNCO

R1—C—O~

COOR2

232

J
( R F O ) 2 P = N

/ VR

R2OOC

,C=O
O"

231

( R F O ) 2 P N C O

O—C—R1

COOR2

233

( R F O ) 2 P = N

o c=o

R1 COOR2

230

RF = CHF2CF2CH2; R
1 = Me, Ph; R2 = Me, Et.

It has been suggested that in the case of compound 229 the
phosphorus atom attacks initially the carbon atom of the carbonyl
group with formation of the dipolar ion 232 which subsequently
undergoes either intramolecular cyclisation with formation of the
product 231 or the phosphonate - phosphate rearrangement to the
dipolar ion 233 and subsequent cyclisation to the azaphospholine
230.

The reduced reactivity of fluoroalkyl isocyanatophosphites
compared with the nonfluorinated analogues in the reactions with
ethyl phenylglyoxylate and dibenzoyl has been demonstrated by
differential thermal analysis.117

In the reactions of the isocyanatophosphite 229 with trifluoro-
acetoacetic ester 393-396 and benzoyltrifluoromethylacetone,397 the
corresponding intermediate 1,3,4-oxazaphospholine 234 dimer-
ises in the former case with formation of diphosphatricyclodecane
235 [path (a)], while in the latter it is converted into the bicyclooc-
tene 236 as a result of intramolecular cyclisation via the enolic
form 237 [path (&)].

0
II

O
II

CF3-C-CH2-C—R rRKOkP**

229

F3CS

EtOOCCH2—-

*" °\(a)

/T\ FsC- 1
/^O

Ph-C=CH

OH 237

RF = CHF2CF2CH2.

F3C-J

RC(O)CH2

1 1 0

c—0 —*•
0

234

p-^"N /?"^~^-CH2COOEt
RFO ORF C F 3

235
RFO ORF

—P—NH
1 \

1 C=O
CF3

236

Bis(tetrafluoropropyl) isocyanatophosphite and diphenyl iso-
cyanatophosphite react with trifluoropyruvic acid esters to form
the dimers 238 (CT4- 1,3,2-oxazaphospholines 239 are intermediates
in these reactions, whereas the interaction of dimethyl isocyana-
tophosphite with the above esters leads to a mixture of a^-lji,!-
and oMAloxazaphospholines.398
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(RO)2PNCO + CF3—C—COOR'-

O

I C=O

V
F3C COOR'

239
o

R'OOC' N - - N — P - ^ / > C F 3

I ROOR
238

R = CHF2CF2CH2, Ph; R' = Me, Et.

In contrast to trifluoropyruvic acid esters, hexafluoroacetone
adds to the intermediate azaphospholine 240 with formation
phosphabicycloheptanes241.361'398

(RFO) 2 PNCO CF3—C—CF3

O

(RFO)2P=N
>- / \

V
F3C CF3

C F 3 if C

c=o

(RFO)2P N

V
F3C CF3

CF3

CF3

\

c=o

240

R = CHF2CF2CH2 , CF3CH2 .

241

The relatively stable intermediate a5-l,2-oxaphospholenes
242 have been detected by 31P NMR in reactions of fluoroalkyl
isocyanatophosphite 229 (RF = CHF2CF2CH2) with alkylidene-
P-dicarbonyl compounds.399

COMe
(RFO)2PNCO + R ' C H = C

229 COR2

RFO O

R1 = Me, Ph; R2 = Me, OEt; RF = CHF2CF2CH2.

Fluorinated substituents stabilise the structure of 0^-1,2-
azaphospholine 243, formed in the reaction of the phosphite 229
with ethylidenecyanoacetic ester.

( R F O ) 2 P N C O + MeCH—C

229

RF = CHF2CF2CH2.

CN

COOEt

( R F O ) 2 P = N

Me
\

c=o
NC COOEt

243

Such stabilisation is due to the high resistance of the R F — O bond
to cleavage, which occurs readily in the imide-amide rearrange-
ment of RH-isocyanatophosphites.

Bis(tetrafluoropropyl) and diphenyl isocyanatophosphites
react with JV-trichloroethylideneacetylamine to form substituted
diphosphatricyclodecanes 244,400 whereas dimethyl isocyanato-
phosphite affords the phosphabicycloheptane 245.

( R O ) 2 P = N

(RO)2PNCO + CCl3CH=NCOMe —»• C13C-
N

C

R = Me

Me COMe

N=CH—CC13

• * (MeO)2P—N

C13C

245 COMe

,C=O

/
MeCO—N

9
/ R C
—N-̂  \

I N

II

\
N—COMe

C C i 3

244

e. Fluoroalkyl-substiruted alkenyl and alkynyl phosphonites
Fluoroalkyl-containing alkenyl and alkynyl phosphonites, first
obtained by Erofeeva and coworkers,401 ~403 have been allowed to
react with nitrilimines. The reactions of the usual alkenyl
phosphonites with nitrilimines proceed with participation of
phosphorus as the reaction centre and lead to cyclic [3 + 3]-
adducts.404 The fluorinated phosphonite 246 undergoes [3 + 2]-
cycloaddition without the incorporation of the phosphorus atom
in the heterocycle. The pyrazolines 247 formed
(<5p = 187-189 ppm) are unstable and are converted on heating
into pyrazole derivatives 248.

(RFO)2P-C=CH2 + Ar—C=N—NPh

246 Ph

Ph

^ ( R F O ) 2 P — j 1 A,RFOH
XT \ A ^

Ph-- ' I % :

247

Ph-^/\^-Ar

Ar -[(RFO)2PH] N - N

P i /
248

Ar = Ph, 4-O2NC6H4 , RF = CF3CH2.

The alkynyl phosphonite 249 as well as its fluorine-free
analogue undergo [3 + 3]-cycloaddition to the nitrilimine with
formation of o-4-l,2,4-diazaphosphorine derivatives 250. It has
been suggested that the reaction proceeds via the intermediate
formation of the phosphonium salts 251.402

(RFO)2P —C=C—Ph + Ar —C=N—NPh —«-
249

EtsNHCl

-Et3N
(RFO)^' N~Ph

Ph

(RFO)2P N—Ph Cl -

Ar

:N

Ph

251

P N—Ph

A/

250

RF = CF3CH2.
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4. Reactions of fluoroalkyl phosphites with aldehyde hydrates
Since the reactions of fluoroalkyl phosphites with aldehyde
hydrates have a number of characteristic features, they are
considered in a separate section. It has been shown in a series of
studies124 '405"414 that, when fluoroalkyl phosphites react with
aldehyde hydrates, phosphates and a-hydroxyphosphonates are
formed. For example, the hydrates CF3CH(OH)2 and
(CF3)2C(OH)2 give rise to phosphates,405 while chloral hydrate
and H(CF2CF2)BCH(OH)2 (« = 1, 2, 3) afford predominantly
a-hydroxyphosphonates.408'410>411 This reaction has been consid-
ered in detail in relation to chloral hydrate.412 The authors412

believe that the 'molecular association complex' 252 arises in the
first stage, where there is either attack by the phosphorus atom on
a carbon atom (A) or by an oxygen atom on the phosphorus atom
(B), which lead to an a-hydroxyphosphonate and phosphate
respectively.

RP(ORF)2 + CC13CH(OH)2 ' R—PP

O

CHCC13

O~-HO

RF

O

252

R—P: CHCCI3

RFO O H

:cci3

M. R—P

RFO

CHCCI3

OH .

B

p
POCH2CC13

253

J-HC1

T"OCH=
R F O 254

=CC12

It is noteworthy that not only the structure of the 'molecular
association complex' 252 but also the path leading to the
formation of the phosphate 254 [path (6)], presupposing the
elimination of HC1 from trichloroethyl phosphate 253, give rise
to doubts, since it is known that P(III) and P(V) compounds with
the OCH2CCl3 substituent are extremely stable (for example the
quasi-phosphonium salts,46-211>415) while the oxygen atom in the
P—O—RF group is a very weak electron donor (the electron
density on this atom is reduced by the electron-accepting effect of
the substituent RF) .

5. Complex formation
There have been several studies294>416~418 in which the use of
fluoroalkoxy-derivatives of P(III) in the synthesis of iron and
nickel complexes has been described.

Fe(CO)4PF2Br + NaOC(CF3)2CN —«-

Fe(CO)4F2POC(CF3)2CN]

Fe(CO)4

CF 3 •

C—CF3

F3C CF3

255

N i ( C 0 ) 4 + P(OCH2CF3)3 —

CpFe(CO)2I + P(OCH2CF3)3

(CO)Ni[P(OCH2CF3)3]4 ,

~CpFe[P(OCH2CF3)3]I.

The proposed structure of complex 255 416 was questioned188

in view of the complexity of the IR spectra (more than seven vc-o
bands), which is associated with the occurrence of side reactions
and hydrolysis.

V. Conclusion
The above analysis of the reactivities and the systematic descrip-
tion of the syntheses and properties of fluoroalkyl derivatives of
P(III) revealed, on the one hand, a whole series of characteristic
features of the syntheses and chemical behaviour of fluoroalkyl
phosphites, associated with the influence of fluorinated substitu-
ents on the phosphorus atom, and, on the other hand, it made it
possible to obtain many new data concerning the mechanisms of
known reactions, such as the interactions with the halogens, sulfur
halides, halocarbonyl compounds, etc. On the whole, the intro-
duction of fluorine atoms diminishes the nucleophilicity of the
P(III) atom and lowers the rate of reaction, because in most of the
cases considered nucleophilic attack by the phosphorus atom is
probably the rate-determining stage of the reaction. However, the
introduction of electron-accepting fluorinated substituents does
not affect the rate of interaction with bromine and dialkylphos-
phonosulfenyi chlorides, which in our view is associated with the
ready polarisability of the chlorine and bromine atoms.

The appreciable deficiency of electron density on the phos-
phorus atom in fluoroalkyl phosphites and the presence of a lone
pair with a fairly high ionisation potential impart to these
compounds the character of a biphilic reagent, capable of both
nucleophilic and electrophilic attack. In certain reactions, it is
actually difficult to determine the kind of species that phosphorus
represents (electrophilic or nucleophilic), which from our point of
view may be associated with orbital control in these reactions,
where the initial step is a two-sided exchange interaction of the
np-n* and a*-n types; here rip is the lone pair of the phosphorus
atom and a* is an antibonding orbital of the RpO—P bond
localised on phosphorus and constituting the LUMO, whereas n*
and n are the LUMO and the HOMO of the organic reactants.419

The possibility of applying orbital control rules to the reactions of
phosphines with alkyl halides and carbonyl compounds is dis-
cussed in a recently published communication.420

The study of fluoroalkyl phosphites as potential biphilic
reagents in reactions with different nucleophiles and electrophiles
is promising not only because there is a possibility of new varieties
of the reactions and of new ways of stabilising the intermediates
but also in terms of a purely practical aspect — for the very mild
phosphorylation of natural alcohols and for the synthesis of new
types of phosphorylating agents and phosphorus derivatives with
diverse useful properties.55

One of the most important and interesting differences between
fluoroalkyl phosphites and the RH derivatives is the reduced rate
at which the fluoroalkyl group is split off from the phosphonium
centre and the stabilisation of intermediate structures of the
phosphorane and phosphonium types. The increase in the
stability of quasi-phosphonium compounds is due to the stability
of the O—Rp bond. In certain cases, the RF—O bond is not
cleaved at all, although for the RH derivatives of P(III) the
dealkylation stage takes place fairly readily and on the whole
obeys the rules governing nucleophilic substitution at a carbon
atom via an 5jv2 mechanism (the Perkow and Arbuzov reactions
and the nonclassical variants of the latter). In this sense, the
weakening of the nucleophilic properties of the P(III) atom is
more significant than the increase in the electrophilicity of the
CH2 carbon atom in the R F C H 2 O fragment.

The appearance of new paths in the interaction of P(III)
derivatives with halogen-containing reagents is a consequence of
the retardation or complete suppression of the elimination of the
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fluoroalkyl group from phosphonium intermediates. These
include reactions with retention of the coordination on the
phosphorus atom, the disproportionation of haloquasi-phos-
phonium or phosphorane intermediates in the presence of the
initial P(III) derivatives, and the very ready conversion of P(III)
compounds into P(V) compounds. In the reactions considered,
RH derivatives of P(III) are as a rule converted into compounds
with a phosphoryl group.
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Abstract. Data on the dependence of the extraction ability of the
principal classes of organic compounds on their structure are
surveyed. Mono- and bi-dentate neutral organophosphorus com-
pounds (NOPC), sulfoxides, amines, quaternary ammonium,
arsonium, and phosphonium bases, amine and arsine oxides,
organophosphorus acids and their salts, and crown-ethers are
examined. It is shown that the extraction ability of the NOPC in
relation to any metal increases with increase in the basicity of the
extractant and diminishes when electronegative substituents are
introduced into its molecule. With increase in the basicity of
neutral extractants, qualitative changes in the complex formation
mechanisms are observed. The influence of diluents on the
extraction ability of organic compounds is analysed. Methods
for predicting extraction ability are considered. Examples of the
use of the above rules for the development of new extractants are
presented. The bibliography includes 1S7 references.

I. Introduction
The search for highly effective extractants is an important
scientific and practical problem. The understanding of the
dependence of the extraction ability (EA) of organic compounds
on their structure has played the role of a compass in this search.

Such a dependence is of interest also when the general problem
of the reactivity of compounds is considered.

The extraction of metal salts and acids is based on the
chemical interaction (complex formation) of these substances
with the extractant and may be regarded as a heterogeneous
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chemical reaction. The effective extraction constant Kex (the
abbreviated term describing the equilibrium constant of the
extraction reaction) is a quantitative characteristic of the extrac-
tion ability. For example, for the reaction

VO\+ + 2NOJ + 2TBP = UO2(NO3)2(TBP)2 ,

where TBP = tributyl phosphate, Kex is determined from the Law
of Mass Action taking into account the activity coefficients of the
extracted compound in the aqueous phase (y±):

- = [UO2(NO3)2(TBP)2]

[UOf+][NO3-f[TBP]2'

where Kex is the concentration extraction constant and v the
number of ions into which the metal salt dissociates in the aqueous
phase (v = 3). The distribution coefficient (Z>) can be used as the
characteristic of the EA, but only when the compounds present in
the aqueous phase at macroconcentrations are not extracted.
Otherwise, the changes in D when the structure is varied can
reflect not only the changes in the EA of the extractant but also the
changes in the concentration of the free extractant.^ If the salt
extracted from the aqueous phase is the same, the changes in the
extraction constant when the structure of the extractant is varied
reflect the changes in the constant for the complex formation

t This happened, for example, in a pioneer study where an apparent linear
correlation between the distribution coefficients of uranyl nitrate in
extraction from nitric acid solutions by a series of NOPC and the P = O
bond vibrational frequency was obtained solely due to experimental
errors, which were discovered when the results of the above study' were
compared with more accurate data.2 In addition, the extraction constant is
much more informative than the distribution coefficient: knowing K^, it
is possible to reproduce the extraction isotherm and to find the dependence
of D on the process conditions.
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reaction between the salt and the extractant. Admittedly in the
traditional approach to the description of extraction (see, for
example, Sekine3) this is not quite correct. In this approach, the
transfer of the extractant to the aqueous phase is considered as the
first stage of the process, the formation of a complex with a metal
or an exchange reaction with the latter in the aqueous phase is the
second stage (or the third, if the extractant dissociated in the
aqueous phase), while the transfer of the compound formed from
the aqueous phase to the organic phase is considered to be the last
stage. Under these conditions, the extraction constant is related in
a complex manner to the complex formation constant in the
aqueous phase j5aq and also depends on the distribution constants
of the extractant and the complex, the last being usually unknown.

This approach arose in the initial period of the use of
extraction when water-soluble extractants were employed (espe-
cially in analytical chemistry). However, extractants which are
sparingly soluble in the aqueous phase are usually employed
nowadays. The approach based on the consideration of complex
formation in the organic phase4 is therefore more useful.

For neutral sparingly soluble extractants, the Gibbs free
energy of extraction AGex represents the difference between the
Gibbs free enrgies of the solvation and hydration processes:5'6

AGex = AGsoiv — AGhydr, (1)

and since AGex = — RTlnKeX and AGsoiv = — RTlnf}0Ig, where
/?Org is the complex formation constant in the organic phase, we find

= /?org> RT
(2)

i.e. Aex is proportional to the complex formation constant in the
organic phase /?Org and characterises the stability of the complex.

The thermodynamic parameters of the hydration of many
metals have been published5"8 and most fully in the last of the
studies quoted (examples are presented in Table 1). Evidently the
hydration energies increase when the nitrate ion is replaced by the
chloride ion, and with increase in the charge and with decrease in
the radius of the cation. Extraction becomes correspondingly
more difficult. For extraction to be effective (Ke* of the order of
unity), it is necessary to compensate for the hydration energy, i.e.
the complex formation energy in the organic phase must be of the
same order as Ghydr- In principle, such complex formation energies
may be attained if the process proceeds via an electron
donor-acceptor (EDA) mechanism. However, for the extraction
of alkaline eartth elements, a high electron-donating capacity of
the extractants is necessary and for AICI3 it is altogether
impossible to select effective extractants. To a certain extent, it is
possible to obviate the difficulties associated with hydration by
choosing salts with a reduced hydration of the anion; it is also
possible to extract the ion with its hydration shell (the
hydrate-solvate extraction mechanism9).

On the other hand, the most effective procedure involves the
transition from the solvate to the cation-exchange mechanism of
extraction:

- + z(HY)2 = M(HY2), + z(H+
(3)

where HY is an organic acid. In the aqueous phase, the salt
molecule MAZ is replaced by z molecules of the inorganic acid HA.
Depending on the sign of the transhydration energy,

AAGhydr = zAGhydr(HA) - AGhydr(MA*)

it is actually possible to achieve a gain in extraction energy, which
intensifies extraction.

The most correct method for predicting EA is the quantum-
chemical calculation of the complex formation energy with
subsequent determination of the partition functions and entro-
pies of the components.* Unfortunately, this approach is possible
only in a semiempirical approximation for inorganic acids or
organic compounds.10-11 In most cases, especially for d a n d /
elements, the direct (especially nonempirical) quantum-chemical
calculation for extraction complexes is impossible. Therefore,
correlations between the extraction constant and various charac-
teristics of the extractant associated with its reactivity are widely
used for predicting EA. The following are usually employed:
(1) the characteristics of the structural groups, for example the
electronegativities of the groups in substituents,12 the reaction
constants of these groups [the Taft {a')18 and Kabachnik (O-P) 13>14

constants] on the assumption that the influence of these groups is
additive: (2) the characteristics of an isolated extractant molecule
as a whole—the electron density (charge) on the functional atom,
the ionisation potential15, and the energy of the core \s levels;16

(3) the characteristics of the reactivity of the molecule as a
whole — basicity, determined experimentally from the energies
of test reactions with simplest electron acceptors17"21 or by
quantum-chemical calculations of the energies of complex forma-
tion with a proton [proton affinities (PA)], L i + , LiH, etc.16> 22

The dependences of E A on the structure of the extractants and
the possibility of predicting it on the basis of various correlations
are analysed in the present review. The dependences were
established mainly in relation to the extraction of the actinides,
but are nevertheless of a general character.5

II. Monodentate neutral organophosphorus
compounds
At the time of the publication of the first studies on extraction
using alcohols, ethers, and ketones, the chemical nature of the
process was still obscure. Owing to the low EA of the reagent, the
extraction isotherms obtained in these investigations did not in the
main have a saturation section characteristic of the formation of
compounds (Fig. 1, curves 1 and 2). The relation between extrac-
tion ability and structure was not traced and it was only noted that
EA diminishes with increase in the C/O ratio, i.e. as the hydro-
carbon chain is lengthened.23-24 The introduction of tributyl
phosphate in the 1950s25"30 led to revolutionary changes both in
the technology (EA increased by 5-6 orders of magnitude and it
became possible to extract uranyl and plutonium nitrates without
employing salting-out agents) and in the theory of the processes [a
saturation section, frequently indicating the formation of com-
pounds (Fig. 1, curves 3 and 4), appeared on the extraction
isotherms].30

Table 1. The Gibbs free energies and enthalpies of hydration of salts of
metals (kcal mol"1).

Com-
pound

HC1
NaCl
MgCl2

CaCl2

LaCl3

AlCb
UO2C12

— AGhydr

10.7
2.1

30.3
15.5
21.0
61.1
16.4

— Aifhydr

14.8
-0 .9
37.2
19.8
33
78.1
28.1

Com-
pound

ThCU
HNO3

NaNO3

Mg(NO3)2

Ca(NO3)2

LiNO3

UO2(NO3)2

- A G h y d ,

_

7.3
1.5

21.2
12.8
5.6
6.1

— Aflhydr

56.7
7.95

-4 .9
21.8
4.5
0.6

20.3

% Strictly speaking, a calculation taking into account the influence of the
solvent is necessary. However, it has been established in a number of
studies that a weakly polar solvent exerts a comparatively weak influence
on the complex formation and extraction energies which is due to the
compensation of diluent-extractant and diluent-extracted complex
interactions (see below).
§The review is based largely on the results of studies carried out under the
supervision of A M Rozen during the last 30 years. Z I Nikolotova,
N A Kartasheva, E I Moiseenko, Z I Nagnibeda, Yu I Murinov,
B V Martynov, A S Skotnikov, L P Kharkhorina, V G Yurkin, and
B V Krupnov participated actively in these investigations. Studies by
other workers are naturally also discussed.
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0 100 200 300
Concentration in aqueous phase xpu /g litre""1

Figure 1. Isotherms for the extraction of Pu(IV) by neutral organic
compounds (*H = 0.1 M).
Extractant: (7) dibutyl ether (DBE); (2) diethyl ether (DEE); (3) TBP; (4)
diisopentyl methylphosphonate (DPMP); AB — initial section of the
isotherm determined by dissociation into ions; BC — section correspond-
ing to moderate nonideality; CD — saturation section.

Neutral organophosphorus compounds are the first class of
compounds for which the dependence of EA on the structure has
been studied systematically. For phosphates, phosphonates,
phosphinates, and phosphine oxides, the reaction centre (RC) is
the PO group and the composition of the complexes remains
unchanged (for example, the disolvates of tetravalent and hexa-
valent actinides, the trisolvates of trivalent actinides and lantha-
nides), while extraction ability increases appreciably. A
correlation has been proposed u between inKc* for uranyl nitrate
and nitric acid, on the one hand, and the sums of the electro-
negativities of the groups of the substituents (X) in the above
series:

= A- BZX- (4)

where A is a constant which depends on the reaction series (the
class of the extractant and the individuality of the compound
extracted), B is the coefficient of the sensitivity to electronegativ-
ity, p the coefficient of the sensitivity to the length of the
hydrocarbon chain, / the effective length of the hydrocarbon
chain of the substituent (in the case of normal groups, / = «c),
and the values of X are determined from the spectral scale
(Table 2).

The following considerations also lead to Eqn (4).31 On the
one hand, since the complexes are formed via an EDA mechanism,
one can suppose that EA is greater the greater the electron density
on the donor atom. Rozen and Denisov31 put forward more
logical considerations.which may make it possible to estimate the
coefficient B:

Table 2. The electronegativities and Taft constants for certain substitu-
ents.6' n

Substituent

F
Cl
CC13

C1CH2

C1(CH2)2
C6H5

CH3

Alk
RO
H

• Effective values.

X

4.0
3.0
2.95
2.60
2.32
2.34
2.07
2.0
2.9,2.4"
2.3

a*

_
2.65
1.05

—
0.6
0.0

-0.13
1.50,0.75'
0.49

\nKtx=a + b\q\,

where a and b are constants and q is the charge. On the other hand,
according to the results of approximate quantum-chemical
calculations,32'33

\q\ = a" - b"XX,

where a" and b" are constants. When account is taken of these
relations, Eqn (4) is obtained. When calculations are made relative
to a standard compound, Eqn (4) leads to the Hammett-Taft
equation.14

In — = -BI,(X - Xo) - pi. (I - t0) =
Ko X x (5)

= r*S<r* +dS.Es.
Here the subscript 0 refers to the characteristics of the standard
state, r* and d are coefficients, and Es is the steric hindrance
constant.

In fact it has been found14 that X = 2.07 + a */2, i.e. the Taft
constants represent relative electronegativities.

TOPO ODOP DAMP TBP

XX

1200 1280

Figure 2. Dependence of EA on the sum of the electronegativities of the
substituents (XX) and the stretching vibrational frequencies (CL>PO) in the
extraction of certain compounds by monodentate NOPC.
Compound extracted: (1) manganese nitrate; (2) potassium permanga-
nate; (3) nitric acid; (4) americium nitrate; (5) uranyl chloride; (<5) uranyl
nitrate; (7) plutonium nitrate. ODOP = octyl dioctylphosphinate;
TOPO = trioctylphosphine oxide.

The following conclusion follows from Eqn (4): the EA of
monodentate NOPC decrease after the introduction of electro-
negative substituents. This conclusion is fairly general, being valid
for any metals (Fig. 2). However, in order to obtain a general
correlation when a wider class of NOPC, including the C6H5,
CCb, CICH2, and C1(CH2)2 groups, is considered (Fig. 3),
Eqn (4) had to be refined.12'34 Effective (reduced) electro-
negativities were introduced for the alkoxy-groups {Xc{ = 2.4
and <r*y = 0.75). The possible reason for this is that X and a*
describe only the inductive effect, whereas for RO the resonance
effect is also observed.11

t One cannot rule out also the explanation based on the jump in entropy
on passing from one subclass to another (for example, from phosphates to
phosphonates).14
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Igtf

6.0
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2.0

0
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\ 2

V 3

\,4
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Figure 3. Dependence of the extraction ability of NOPC on the sum of the effective electronegativities (a), the effective Taft constants (b), and the
Kabachnik constants (c) of the substituents.
Extractant: (7) TOPO; (2) ODOP; (3) DPMP; (<5) TBP; (7) trioctyl phosphate; (4), (5), (S), and (P) (iso-C5HuO)2RPO, R = CeHs (4), C1(CH2)2 (5), C1CH2

(S), or CC13 (9); substance extracted: (/) UO2(NO3)2; (//) HNO3.

Instead of Eqn (4), one can write

= A- BZXt( - pZl =

= A - BLX +

(6)

where aies is the resonance interaction constant and

Eqn (6) is equivalent to the use of Kabachnik constants:

where up = ofnd + o?es is the Kabachnik constant taking into
account the resonance effect, and including also the term p£//rp.
The correlation with <rp does not therefore require the introduc-
tion of effective quantities.

The advantage of electronegativity over the constants a * and
a? is a more clear-cut physical significance. Electronegativities
may be determined independently of any reactions. Unfortu-
nately, there are no independent methods for the determination
of <»?,_,. The energy of the Is orbitals is an independent quan-
tum-chemical parameter characterising the molecule as a whole
and equivalent to T.Xe{. The decrease in EA with increase in the
electronegativities of the substituents is characteristic of any class
of neutral compounds (the only exception, in the case of bidentate
NOPC, is discussed below).

III. Organic sulfoxides
Systematic studies on extraction by sulfoxides (in which the
reaction centre is the SO group) began and developed vigorously
at the beginning of the 1970s. The research groups led by Rozen,
Mikhailov, and Torgov published more than 20 papers. They have
been reviewed by Nikitin et al.35

It was established that, in terms of their extraction ability,
aliphatic sulfoxides approach phosphonates. Cyclic sulfoxides are
obtained by oxidising petroleum sulfides. Their EA is higher by a
factor of 2 - 3 (owing to the contribution by the entropy factor)
than that of aliphatic sulfoxides. The dependence of EA on the

structure of the sulfoxide is described by Eqns (4) and (5). The
difference from NOPC consists in a higher sensitivity of EA to the
influence of substituents (higher values of B in the above
equations). Thus the replacement of a single alkyl group by the
phenyl group in NOPC lowers the degree of extraction of uranium
by a factor of 17, while in the case of sulfoxides the decrease is by a

104

103

102

10'

10-
-0 .5 0 0.5 1.0 ZCT*

4.00 4.25 4.50

Figure 4. Dependence of the uranyl nitrate extraction constant on the
basicity (/) and the sum of the electronegativities of the substituents or the
Taft constants (II) of the extractants.
Extractant: (7) diphenyl sulfoxide; (2) hexyl phenyl sulfoxide; (3) dihexyl
sulfoxide; (4) cyclohexyl hexyl sulfoxide; (5) hexyl tolyl sulfoxide; (7)
2-amyltetrahydrothiopyran sulfoxide; (S) DPMP; (P) TBP.



Dependence of the extraction ability of organic compounds on their structure 977

factor of 40. Fig. 4 presents the dependences of the extraction
constant of uranyl nitrate (Au) on the basicity and on the sum of
the electronegativities or Taft constants of the sulfoxides.

IV. Variation of extraction ability and the complex
formation mechanism as the reaction centre is
varied and the basicity of the extractants increases
The dependence of extraction ability on the structure of organic
compounds has also been investigated for carbonyl compounds
and arsine and amine oxides (the reaction centres are the CO,
AsO, and NO groups respectively). The extraction by compounds
of this type is associated with the formation of electron
donor-acceptor complexes, so that the more marked the elec-
tron-donating properties of the extractants (characterised by their
basicity) the higher the EA. A linear correlation between lnAex and
the basicity is frequently observed under these conditions [see, for
example, Refs 34-37 (Fig. 5)]:

There exist several basicity scales which are determined
experimentally [for example by titration with perchloric acid in
nitromethane (pA),17 by the reaction with pentachlorophenol,8-l9

and by the calorimetry of the interaction with antimony pen-
tachloride (Gutmann donor numbers) and other Lewis acids].20-21

In connection with the development of quantum chemistry and
the ion cyclotron resonance spectroscopic methods, gas-phase
basicity and proton affinity scales,41-42 which are free from the
influence of the solvent, are increasingly used at the present time.*
Table 3 gives an idea about the above scales.

Table 3. Extractant basicity scales.

a + bpK. (7)

We may note that the dependence of EA on the electronega-
tivity of the substituents in the extracting molecule examined
above is a special case of the dependence of EA on the basicity. It
has been shown in relation to extraction by sulfoxides that the
extraction of uranyl nitrate and the basicity of sulfoxides depend
on the sum of the electronegativities of the substituents:

(8a)

(8b)

= 3.04 - 5.23S(X - 2);

pA = 2.67 - 0.94 Z(Z - 2),

which is equivalent to the dependence of the EA in relation to
uranium on the basicity:

= -11.38 + 5.6pK, (8c)

Compound

ROH
R2O
R2CO
cyclo-CeHu
NR2RCO

(NR2)2CO
(PhO)3PO
(RO)3PO

(RO)2RPO
(RO)R2PO
R3PO

(NR2)3PO
R2SO
R3NO

Proton
affinity
/kcal mol"1

189.0±1.5
200.2
190.5

-
214.5

219.5
—

217.0

—
-

224.5

229.5
-

238.0

Donor
number43'44

18.0
—
17.0
-
26.6;
27.8
29.6
—
23.7;
25.2
31.2
32.0
33.8

38.6
29.8
-

Energy
1 ofHbond

withH2O4 5

_

2.7

3.9;
4.0
4.0
4.8
5.0;
5.3

4.4
6.9

Taft-Rozen
basicity "
(C6C15OH)

_
0.98
1.18
1.30

-

—
1.73
2.56

2.74
-
3.64

—
2.58

-

i.e. Eqns (4) and (7) are equivalent for a class of extractants with a
single reaction centre. Eqn (8b) implies that, when electronegative
substituents are introduced into the extractant molecule, the
electron-donating capacity of the latter (its basicity) diminishes
and there is corresponding decrease also in the EA [Eqns (8a) and
(8c)].

f i t has been shown38-39 that considerable differences are observed
between the proton basicities in the gas phase and in solution. At the
same time, it has been found40 that the differences between the energies of
the complex formation reactions with metal salts in the gas phase and in
weakly polar solvents are small.

- 2

Figure 5. Dependence of the extraction constants of nitric acid (I), americium (II), and uranyl (III) nitrates (a) and of the monosolvates (IV) and
disolvates (V) of perchloric and pertechnetic (VI) acids (b) on the basicity of neutral extractants.
Extractant: a: (1) Ph3PO; (2) R3PO; (3) PI13ASO; (4) Ph2RAsO; (5) PhR2AsO; (<5) RjAsO; (7) R3NO; b; (8) TBP; (9) Ph3PO; (70) TOPO; (11) R3AsO; (12)
R3NO.
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The above scales, based on allowance for the donor-acceptor
interactions in solution, have a certain advantage in the prediction
of complex formation constants in solutions. Here it is desirable
that the nature of the interactions underlying the scale should not
vary over the entire basicity range. This condition is not satisfied
by the basicity scale based on the titration of the extractant with
perchloric acid in nonaqueous media. Only the basicities of strong
electron donors (ranging from R3PO to R3NO) have been
determined by this procedure, while weak bases are not proto-
nated under these conditions. Unfortunately the scales con-
structed using the interaction energy with weak proton donors
(water or phenol) exhibit a low sensitivity to changes in the
electron-donating capacities of the extractants. A more sensitive
scale is based on the interaction energy with a stronger proton
donor—pentachlorophenol. This scale has been used successfully
in establishing correlations with EA for a wide range of extrac-
tants — from the weakest (alcohols, ethers, and ketones) to fairly
strong (sulfoxides and NOPC)-* The above condition is most
readily fulfilled when the scale is constructed on the basis of the
interaction with a metal salt. This is in fact the reason why the
Gutmann donor number scale has come to be widely used.

With increase in the basicity of the extractant, not only is there
an increase in the stability of the complex observed but the
complex formation mechanism also changes. Thus in the extrac-
tion of nitric acid, the hydrate solvate mechanism [the coordina-
tion of an extractant molecule via a water molecule, for example
HNO3 • H2O2 • (TBP)2] is readily replaced by the solvate mecha-
nism (the formation of a molecular hydrogen-bonded complex
with a direct bond between the donor atom of the extractant and
the proton of the acid extracted, for example TBP • HNO3 and
TOPO • HNO3). On further increase in basicity, complexes involv-
ing proton transfer are formed (R.3XOH+ -NO~, where X = As
or N).34 A similar complex formation mechanism has been found
also in the extraction of strong acids (HC1, H3CIO4, HReO4,
HTCO4, etc.) with formation of both monocomplexes [LH] + A~
and dicomplexes [LHL]+A-.46~48 The extraction constants for
the latter are especially high (Table 4). The stronger the inorganic
acid, the lower the basicity of the extractant for which the
transition to the new mechanism takes place.

Table 4. The extraction constants of inorganic acids in the form of the
proton-transfer complexes [LH]+A~ (K,) and [LHL]+A~ (fo).

Acid

HNO3

HC1
HReO4

HTcO4

Extractant
RsAsO

1.0 xlO10

3.0 xlO10
4.8 xlO15

2.4 xlO16

R3NO

8.0 xlO7

5.0 x 10s

3.6x10"
1.0 xlO12

Ki

4.0x10"
3.0 x 107

7.2 xlO17

2.8 xlO18

A change in the extraction mechanism leads to significant
alterations of the extraction ability. The nature of the dependence
of the degree of extraction of acids on the basicity of the extractant
is then determined to a considerable degree by the strength of the
acid being extracted. Torgov and Nikolaeva8 found that, in the

% One cannot be certain that the complex formation mechanism does not
change for the strongest bases — for example, arsine and amine oxides. A
change in this mechanism would lead to considerable errors in prediction.
§1 V Nikolaeva Vzaimosvyaz' Ekstraktsionnoi Sposobnosti Oksidov 2-
Nonilpiridina i Triizoamilfosfina i Sostoyaniya ikh Kompleksov s Kislotami
v Nevodnykh Sredah (Relation between the Extraction Ability of 2-
Nonylpyridine and Triisopentylphosphine Oxides and the State of their
Complexes with Acids in Nonaqueous Media). Author's abstract of
Candidate Thesis in Chemical Sciences, Institute of Inorganic Chemistry,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, 1996.

extraction of weak acids (phenols, phosphoric or acetic acid), the
extraction mechanism (the formation of a hydrogen bond) does
not change over the entire range of basicities of the extractants and
l&Kex varies linearly with the donating capacity of the extractant.
Amine oxides possess the highest extraction ability in relation to
weak acids. It is of interest that amines are not included in these
correlations: having a gas-phase proton affinity similar to that of
amine oxides and a higher protonation energy in solution, amines
form hydrogen-bonded complexes, the stability of which does not
exceed that of complexes formed by phosphine oxides which are
less basic in protonation reactions. Furthermore, amines extract
weak acids with even lower distribution coefficients than phos-
phine oxides (for example 3.11 for the extraction of phenol with
TOPO and only 1.23 for its extraction with trioctylamine); this
may be associated with steric hindrance.

The dependences of \nIQx on the basicity of the extractant for
moderately strong acids (for example, nitric acid) have a break on
passing from complexes with an intermolecular hydrogen bond to
those involving proton transfer (Fig. 5).36 Quantum-chemical
calculations have shown51 that this break is due to the increase
in the sensitivity of the energy of the complex to the basicity of the
extractant after the change in the complex formation mechanism.
We put forward the hypothesis11 that, by altering the 'threshhold'
of the transition through the selection of the extractant and the
diluent, it is possible to obtain a significant increase in the
separation coefficients for acids in their mixtures.

The lgAex of strong acids (for example, perchloric and pertech-
netic), which form proton-transfer complexes over the entire range
of basicities of the extractant, increases almost linearly (by 15-18
units) with increase in basicity as the substituents and the reaction
centre are varied (SO, PO, AsO, NO) (Fig. 5 6).37-46-47

The formation of proton-transfer complexes in the extraction of
metal salts results in the manifestation, together with coordination
to the oxide oxygen and the formation of a solvate [for example
UO2(R3XO)2(NO)3], also of coordination to the cation LH + , for
example R3XOH+UO2(NO3)3" (Rozen et al.36 called this the amine
mechanism). Attempts to separate the contributions of the oxygen
and amine mechanisms have been undertaken.36-47

The discovery of the amine (anion-exchange) mechanism of
the extraction of actinides by the oxides R3ASO and R3NO made it
possible to explain the similarity of the distribution coefficients of
uranium and plutonium in extraction by amines and amine and
arsine oxides (Fig. 6).'

For arsine oxides, a transition to the cation-exchange mech-
anism is observed in the region of low acidity.49

In the extraction of metal salts, the changes in the complex
formation mechanism are similar to the changes in the mechanism
of the formation of complexes by acids over a wide range of
basicities of neutral extractants. In extraction by weakly basic
extractants (for example, by ethers or ketones), the hydrate-
solvate mechanism is favourable. In this case, the extractant is
unable to displace a water molecule from the first hydration shell
and the metal ion is extracted together with the latter, since the
separation of the hydrated ion from the outer hydration shell
requires less energy than its separation from the inner shell. Under
these conditions, the extractant is in the outer sphere of the
complex and is coordinated to the metal ion via a water molecule.1'

Stronger extractants decompose the first hydration shell and
extract the metal without water molecules.

The most basic extractants (arsine and amine oxides) extract
the metal via the amine mechanism.

[̂ For R3NO, such similarity was observed as early as 1964 50 but until the
publication of the study of Rozen et al.36 was not understood.
t For the characteristic features of the extraction via the hydrate-solvate
mechanism, see Yu A Zolotov.9
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Figure 6. Dependence of the distribution coefficients of Pu4* (I), and
UO|+ (II) on acidity in extraction by trioctylamine oxide (1), trioctyl-
amine (2), and trioctylarsine oxide (3) (extractant concentration in
benzene 0.1 M).

V. Characteristic features of extraction by amine
and arsine oxides
In the extraction of metals by arsine and amine oxides, the
formation of proton-transfer complexes (LH+)A between the
extractant and the inorganic acid, similar to amine salts, is
accompanied also by complex formation via the anion-exchange
mechanism. For example, the complexes LH+[UC>2(NO3)3] - and
(LH+)2[Pu(NO3)6]2- where L = R3AsO or R3NO, are formed.34

Thus at high basicities the boundary between neutral extractants
and amines is obliterated.

At a low acidity of the aqueous phase, yet another change in
the extraction mechanism is observed. It is particularly pro-
nounced in the case of arsine oxides. Fig. 6 shows that, at HNO3
concentrations less than 1.5 M, the distribution coefficient of
uranium increases with decrease in XH, i.e. R3AsO begins to
extract like an organic acid.36 The dependence of the distribution
coefficient on the pH (Fig. 7) characteristic of extraction by
organic acids, i.e.

lgZ) = a + zpH (9)

(z is the valence of the cation), is observed. One may conclude36

that the arsine oxide molecule rearranges and tentatively is
converted into the acid R3As(NO3)OH. The reaction proceeds
via the cation-exchange mechanism, for example via the reaction

UC>2+ + 2HY = UO2Y2 + 2H+,

where Y is apparently R3As(NO3)O. Such rearrangement may
account also for the surprising phenomenon observed in a number
of studies:52"55 in the weakly acid region, the degree of extraction
of Pu(IV) and Pu(VI) increased after the replacement of the alkyl
groups in the arsine oxide by the more electronegative phenyl
groups, which, as we have seen above, leads to a weakening of
extraction when NOPC and sulfoxides are employed. However,
when account is taken of the 'acid rearrangement', everything
becomes clear, since in extraction by organic acids an increase in
the electronegativity of the substituents leads to an increase in the
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Figure 7. Dependence of the distribution coefficients of U(VI) (1, 2),
Pu(VI) (3, 4), and Np(VI) (5, <5) on the pH in extraction by arsine oxides
PhjAsO (1,3,5) and R3AsO (2,4, <5).52

strength of the acid and in the degree of extraction by the cation-
exchange mechanism.

We may note yet another, albeit less striking, anomaly, which
has been observed in the extraction of nitric acid by arsine
oxides.56 In the weakly acid region, the extraction constant Km
for the first acid molecule depends on the electronegativity of the
substituents and on the basicity of the arsine oxides in conformity
with Eqns (4) and (7) (for Ph3AsO, Ph2AlkAsO, PhAlk2AsO, and
Alk3AsO, the constant is 3 x 102, 3 x 103, 5 x 104 , and 5 x 105

respectively); in the strongly acid region, the isotherms for the
extraction of HNO3 by all four arsine oxides are virtually identical
[see Rozen et al.56 (Table 3)].

If inorganic acids are extracted by R3AsO and R3NO with
extraction constants in the range 106-1010, they immediately
become actual competitors of the metals and are no longer salting-
out agents (like HNO3 in the extraction of metal salts by TBP).

In conclusion we may note that, by varying the substituents
and the reaction centre (SO, PO, AsO, NO), it is possible to alter
the EA of organic oxides in any required direction by 15-18
orders of magnitude (Fig. 5 b).37

VI. Salts of amines and quaternary onium bases
Inorganic acids are extracted by amines via an addition reaction55

with extraction constants of 105-107, characteristic of the forma-
tion of proton-transfer complexes, i.e. the amine salts, for example
(R3NH)+A~. Amine salts are in their turn effective extractants
for acids and metal salts. In the latter case, extraction can be
described either as anion exchange or as an addition reaction: the
two types of reaction are thermodynamically indistinguishable. In
the complexes formed [for example, (R3NH)+(UO2A3)~ or
(R3NH)2"(PuA6)2~], the metal is present in the anion and the
extractant is in the outer sphere of the complex.57 However, in the
extraction of platinum metals, very stable complexes with a direct
metal-amine nitrogen atom coordinate bond, called insertion
complexes, were detected together with the anion-exchange
complexes.58

The electronegativity of hydrogen (2.3) is higher than that of
an alkyl group (2.0), so that EA increases in the series primary
amine salts < secondary amine salts < tertiary amine
salts < quaternary ammonium (QA) salts (Fig. 8). The difference
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Figure 8. Dependence of EA on the electronegativities sum and the Taft
constants of the extractants in the extraction of Pu(VI) (/), U(VI) (2), and
HNO3 (3) by salts of primary amines — quaternary ammonium bases
series [R fNH4-J+NOf, where i = 1, 2, 3,4.60

between amines and NOPC consists in a higher sensitivity to
changes in EA (BPu = 6.8 instead of 4.8 for NOPC) and the length
of the substituents. The question of the influence of association
requires separate discussion. One should only note that, owing to
the differences between the degrees of polymerisation, the above
series is sometimes found to break down: primary amines extract
more effectively than tertiary amines.

The correlation for the EA of amine salts may be represented
also in the form of the dependence on the basicity; a linear increase
in lg.Kex with increase in pKis observed in the above series. When
the nature of the substituents in the amine molecules is varied
widely, linear correlations are observed for the EA within the
limits of each subclass of amines — primary, secondary, etc. (the
corresponding straight lines are parallel). The increase in EA with
increasing pK is characteristic of the anion-exchange extraction
mechanism while on formation of coordination insertion com-
plexes the opposite relation holds: the stability of the complexes
increases in the series tertiary amines < secondary amines <

< primary amines, i.e. as the steric hindrance to coordination is
weakened.

The extraction ability of amine salts depends also on the
nature of the anions. Shmidt59 proposed a two parameter
correlation of the extraction constant with the hydration para-
meter AGhydr and the influence of the diluent (ID):

lg*«0 + + bBP . (10)

The extraction ability of quaternary onium salts R4X+

(where R = octyl) in the series with X = N, As, or P has been
investigated in relation to the extraction of nitric acid and uranyl
and plutonium nitrates.36 It was found that EA varies little in the
above series. Thus the isotherms for the extraction of nitric acid by
the nitrate salts of all three bases virtually coincide (Fig. 9 a), while
for uranyl and plutonium nitrates (Figs 9 b and 9 c) a slight
decrease in EA is observed [for example, the concentration
constants for the extraction of the uranyl monocomplex
R2X+(UO2(NO3)3~ are respectively 5.3, 5.0, and 4.7 for the
above extractant salts] Fig. 9 shows that significant changes
occur only when a second organic phase is formed: in the series
N—As—P , the compatibility of the complexes formed with the
diluent (CCI4) increases appreciably. Apparently the polarity and
hence the degree of polymerisation of the extractants and
complexes decrease somewhat in the above series. The first factor
leads to a decrease in EA, whilst the second results in the
improvement of the compatibility of the complexes with the
solvent. The smallness of the changes in EA in the above series
confirms the generally accepted idea that the interaction between
the bulky cation in the outer sphere of the complex and the MA"+B

n anion is predominantly electrostatic. The important role of the
cation -anion hydrogen bond is indicated by the fact that the
smallness of the changes in EA in the series N > As > P does not
correspond to the change in the size of the central atom
(N < P < As), but coincides with the EA series for the oxides
R3XO.

VII. The influence of the length and degree of
branching of substituents on the extraction ability
of organic compounds
The overall steric effect of the substituents in extraction by neutral
and ion-exchange compounds is determined by at least five
factors. An increase in the bulk and degree of branching of the
substituents leads as a rule to a decrease in the electronegativity of
the substituent, a decrease in the solubility of the extractant in the
aqueous phase, an increase in the steric hindrance to complex
formation, a decrease in the degree of polymerisation of the
extractant, and a decrease in the rotational partition function.61

yrrno, /mol litre"1 a

0.3
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X\j /g litre"1
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0 4 8 12
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Figure 9. Extraction isotherms of nitric acid (a) and uranyl (b) and plutonium (c) nitrates by onium nitrates R^X+NOf, where X = N (V), P (2), and As
(5) (extractant concentration in CCU 0.1 M); dashed curves — extraction of water.
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The first two factors promote an increase in EA, while the
others tend to decrease it. Evidently, for a moderate length of the
alkyl substituents, the first two factors exert the greatest influence,
whilst the importance of the remaining factors increases as a rule
for bulky and branched substituents.

The length of the hydrocarbon chain of the substituent «c
particularly for the normal structure, influences comparatively
slightly the extraction ability of NOPC and amine salts. Weak
maxima have been noted on the KtX = f(«c) curves for «c = 5 - 8
(Fig. 10). These can be readily accounted for by the operation of
the factors listed above. For NOPC, the coefficient p in Eqn (4) is
small: p(UO2) = p(Pu) = 0.01; for amine salts, it is appreciably
higher: p(Pu) = 0.12 (see also Fig. 10 b).

8

Figure 10. The influence of the length of the hydrocarbon chain in
symmetrical trialkylamines on the extraction of uranyl and plutonium
nitrates (a) and plutonium nitrate and nitric acid (b).
Substance extracted: (1) and (4) Pu(VI); (2) and (5) U(VI); (5) HN03.
Extractant: (/), (i), and (5) amines; (2) and (4) phosphonates.

In the early studies on extraction (see, for example, Glueckauf
and coworkers23-24) a marked decrease in the extraction constant
with increase in the length of the hydrocarbon substituent was
noted when extraction by undiluted alcohols and ethers was
investigated. This relation could not be explained since the
chemical nature of extraction was not yet understood. At the
present time, the explanation is evident: when account is taken of
the formation of complexes, the extraction constant (or more
precisely the distribution constant) is proportional to LjJ, where Lo
is the initial concentration of the extractant (on the molar scale)
and q is the solvation number. The initial extractant concentration
diminishes with increase in the length of the hydrocarbon chain
and in the molecular mass (Ljj = 9.8, 7.5, and 5.9 mol litre"' for
diethyl, dipropyl, and dibutyl ethers respectively). The third factor
apparently also plays a role, because hydrocarbon chains are
attached directly to the donor centre — the oxygen atom.

The branching of hydrocarbon chains influences not only EA
but also the selectivity of the extraction [for example,
di-2-ethylhexylphosphoric acid (D2EHPA) is more selective than
di-n-octylphosphoric acid].

The influence of steric hindrance is clearly manifested in the
extraction of uranyl and trivalent lanthanide and actinide nitrates
by the amides of alkylphosphoric acids. Very high EA of such
compounds have been reported, in particular of the hexabutyl
phoshorous trisamide (HBTA), which greatly exceeds the EA of
trialkylphosphine oxides.* A careful check of the extracting
properties of HBTA66 led to unexpected results. It was found
that, in extraction by nitric acid, where monosolyates are formed
both with HBTA and TOPO, the extraction isotherms virtually
coincide (Fig. 11); a slight excess (in favour of HBTA) was
observed only at a high HNO3 concentration, i.e. in the region

% The greater complex-forming capacity of the amides is indicated also by
the higher Gutmann donor number, although the gas-phase basicities of
the amides and phosphine oxides are practically identical.41

0.8 -

0.4

0 2 4 8 XHNO, / m o ' litre"1

Figure 11. Extraction isotherms of HNO3 by extractant solutions in
benzene.
Extractant: (1) HBTA; (2) TOPO; (3) (NBu2)2BuOPO;
(4) NBu2(BuO)2PO; (5) DPMP; extractant concentration (mol litre - 1 ) :
(7) and (2) 0.25; (3)-(J) 1.0.

where semisolvate and one-third solvates are formed. On the other
hand, in extraction by hydrochloric, perchloric, and sulfuric acids,
where disolvates are formed, HBTA extracts much less effectively
than TOPO (Fig. 12, Table 5). A decrease in extraction occurs
also in the extraction of uranyl nitrate, where disolvates are also

x/mol litre"

Figure 12. Extraction isotherms of acids by extractant solutions in
benzene (0.25 M).
Acid: a: (7) and (2) H2SO4; b: (3) and (4) HC1O4; (5) and (<$) HC1;
extractant: (/), (5), and (J) HBTA; (2), (4), and (6) TOPO.
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Table 5. Constants for the extraction of acids by solutions of TOPO and
HBTA in benzene in the form of disolvates (Ki), monosolvates (Ki),
hemisolvates (Kip), and one-third solvates (Kip).

Acid Extractant K2 Ki 103
ATi/3a

HNO3 TOPO
HBTA

HCIO4 TOPO
HBTA

HC1 TOPO
HBTA

H2SO4 TOPO
HBTA

0
0

1620
112

0.146
0.014

29.7
1.42

18.5
18.5

0.98
0.91

0.02
0.0049

0.27
0.07

1.7
2.9

0
0.0048

2.2x10-"

2.8x10-*
3.5x10-*

1.4 x lO- 5

3.3 x lO- 5

0
2

2.34 x lO- 2

a The increased constants K1/2 and Kip for HBTA may be associated with
coordination to the nitrogen atom.

formed. The lowest degree of extraction (lower by 3-4 orders of
magnitude) is that of the trivalent americium and cerium, which
are extracted in the form of disolvates. These results can be
explained solely by the influence of the steric hindrance generated
by the amide groups, the steric effect increasing non-linearly. For
example, for uranyl nitrate, we have

lg/U(NR2)aR3-nPO] - lgAex(R3PO) - 0.15*2.

The steric and electronic structures and the electron-donating
capacities of a series of carbonyl compounds with amide groups,
namely the ketone-carboxylic acid amide-urea series, have also
been investigated. It was found that the nonadditivity of the
influence of the amide groups in these systems (the strong
influence of the first amide group and the weak influence of the
second) is due to the geometrical hindrance to the conjugation in
substituted amides and ureas. This hindrance increases with
increase in the number of amide groups and in the length of the
hydrocarbon groups (this system is examined in greater detail
below). A characteristic feature of extraction with participation of
amides is the strong influence of the length of the amide groups on
the compatibility with HNO3 solutions and even on the stoic-
hiometry of the complex-formation reaction.67 Thus, whereas, in
the extraction of uranyl nitrate by the amide OctC(O)NR2, where
Oct = CgHn, the disolvate (K2 = 9.6, K3 = 0.7) is formed prefer-
entially for R = Bu, in the case where R = Ci2H25 the main
product is the trisolvate (K3 = 6.3, .fo=1.2). Taking into
account the increase in steric hindrance, one may postulate that
the extractant molecule in the trisolvate is coordinated via a water
molecule.

VIII. The use of quantum-chemical calculations
for predicting extraction ability
It was shown above that equations similar to Eqns (4) and (5)
have been obtained for neutral oxygen-containing compounds,
amine salts, and quaternary ammonium salts. At the same time,
the electronegativities and constants of the substituents may be
used to predict EA only for short series of compounds with one
reaction centre. The employment of these parameters is also
limited by the assumption that the influence of the substituent is
additive. This assumption is in many cases invalid.67-68 Thus in the
series of ketone-amide-urea carbonyl compounds, the effects of
the first and second amide groups are not equivalent54, i.e. there is
no additivity. It is therefore useful to employ characteristics
calculated by quantum-chemical methods, which are free from
the assumption that the influence of the substituents is additive.

Examination of the correlation of E A with quantum-chemical
parameters in different series of neutral compounds permits
certain conclusions. It is possible to test the hypothesis put
forward in early studies that EA is determined by the electron
density (charge) on the functional atom. For this purpose, the
effective charges on the oxygen atom of the phosphoryl group in a
series of NOPC have been calculated. It was found that in the
general case the accuracy of the estimates of the effective charges
by different molecular orbital methods may be insufficient for a
reliable prediction (which is aggravated also by the arbitrary
features of the method of analysis of the Mulliken populations
itself.)

A more reliable characteristic of the distribution of electron
density in the molecule is the energy of the molecular core levels,
the values of which not only depend on the effective charge on the
atom but also take into account the influence of the field of other
atoms.

The correlation between the energy of the Is core levels of the
donor oxygen atom (£^0) and EA is characteristic for a large
series of extractants with different reaction centres (Fig. 13). The
nonlinearity of the dependence of hxKex on £ ^ 0 is apparently due
to the changes in the complex formation mechanism (noted above)
with increase of the extractant basicity. On the other hand, the
deviation of the points corresponding to amides and ureas
indicates the restricted nature of the correlations deduced from
the characteristics of isolated extractant molecules. The point is
that in compounds of this kind an appreciable stabilisation of the
system occurs directly on complex formation as a result of the
conjugation of the bonds. The use of the energies of test reactions
for prediction of EA therefore appears more justified. In addition,
such energies make it possible to take into account simultaneously
components of the energy of the EDA interactions such as the
electrostatic, charge-transfer, geometrical ligand rearrangement,
and polarisability components. Indeed, the points corresponding
to amides and ureas, which deviate in Fig. 13, in Fig. 14 are found
to be close to the overall correlation describing the dependence of
EA on the energy of the simplest test reaction, namely protona-
tion.

0.10 0.20

-552 -550 -548 -546 -544

£1,(0) /eV

Figure 13. Dependence of the uranyl nitrate (I) and nitric acid (II)
extraction constants on the energy of the Is core levels of the oxygen
atom and the effective charge on the oxygen atom.
Extractant: (1) R2CO; (2) (NR2C)RCO; (3) (NR2)2CO; (4) (RO)3PO; (5)
R2SO; (<$) (RO)2RPO; (7) (RO)R2PO; (8) R3PO; (9) R3NO.
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Figure 14. Dependence of the uranyl nitrates (I) and nitric acid (II)
extraction constants on the proton affinity calculated by the AM 1 method.
Extractant: (I) R2CO; (2) (NR2C)RCO; (3) (NR2)2CO; (4) (RO)3PO; (5)
R2SO; (6) (RO)2RPO; (7) (RO)R2PO; («) R3PO.

The ketone-carboxylic acid amide-urea series (three points
in Fig. 15) merits a more detailed consideration because this is one
of the examples of the nonadditivity of the influence of the
substituents. The effects arising from the introduction into the
ketone molecule of the first and second amide groups are non-
equivalent. The introduction of the first group increases the degree

R2CO RCONR'j

10

(NR2)2CO

PA/kcalmol-1

- 220

10"4 i
- 190

"NRj

0.40

0.35

0.30

of extraction of uranyl nitrate by three orders of magnitude, whilst
the second contributes little.8 The frequencies of the carbonyl
group vibration (vco), the solvate shift of the frequency of the
hydroxy-groups of phenol on complex formation (AVOH), the
Gutmann donor number (.DN), and the entropy of formation of
a complex with BF3 (AH) also change in steps (Table 6). It is clear
that, since the standard correlation approaches presuppose the
additivity of the influence of the substituents, they are ineffective
in this case. On the other hand, the characteristics calculated by
the quantum-chemical method—the charges on the oxygen atom,
the energies of the core levels, and the proton affinity (PA) — also
vary stepwise in the above series, like the physicochemical proper-
ties (Fig. 15), and may be used for correlation with extraction data
(PA is employed for correlation within a large series of com-
pounds with different reaction centres). The advantages of the
quantum-chemical approach to the interpretation and prediction
of EA have been strikingly manifested for the series of compounds
considered.68'69

Table 6. Properties of carbonyl compounds.

Com-
pound

R2CO
NR2C(O)R
(NR2)2CO

IQ2D

U(VI)

0.037
88.5
89.0

Pu(VI)

0.068
26.0
56.4

vco
/cm~'

1730
1640
1642

AVOH
/cm"1

74
200
208

O N

17.0
27.8
29.6

AH
/kcalmol-1

18.2
26.8
26.0

Together with protonation, reactions with the simplest Lewis
acids — H2O, HNO3,16 Li+ , LiH, LiCl, AlBr3, A1H3, etc. — may
also be used as the test reactions.22 The thermodynamic para-
meters of the complex formation reactions between NOPC and
the above acceptors have been calculated quantum-chemically by
the modern semiempirical MNDO and AMI methods.69 It was
found that the above reaction series is isentropic, which demon-
strates the validity of the correlation between EA and the
enthalpies of complex formation.

An advantage of the prediction of EA from the values of PA is
the relative simplicity of the calculation of EA. At the same time,
limitations have also been discovered. Calculations have shown
that, in the case of complexes with a weak EDA interaction,
alkylphosphine oxides form more stable complexes than their
phenyl-substituted analogues, i.e. the phenyl group behaves as an
electronegative substituent.22 This is manifested also in all the
known cases of the extraction of metals by monodentate
NOPC.6-12'34 For example, in the NOPC series, the introduction
of one phenyl group instead of an alkyl group diminishes the
extraction constant by a factor of 17 for uranyl nitrate and a factor
of 8 for americium nitrate. On the other hand, in the formation of
more stable complexes with a proton an inversion is observed:
phenyl substituents become electron donors. Therefore in the
presence of amphoteric substituents in the reaction series, reac-
tions not with a proton but with a weaker acceptor must be used as
the test processes. The test reaction with water, which is ideal from
this standpoint, suffers from a significant disadvantage — a small
variation of the enthalpy of complex formation within the limits of
the reaction series.

Figure 15. Dependence of the distribution coefficient of uranyl nitrate (I),
the proton affinity {II), and the effective charge on the oxygen atom (III)
on the structure of the extractants.
Extractant: (I) ketone; (2) carboxylic acid amide; (3) urea.

§The main cause of the weak influence of the second amide group is the
steric hindrance to the conjugation of the lone pair on the nitrogen atom of
the amide group with the Tt-electron system of the carbonyl bond.
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IX. Bidentate neutral organophosphorus
compounds and the anomalous aryl stabilisation
effect
Bidentate neutral organophosphorus compounds (BDNOPC) are
powerful extractants. Analysis of the dependences of the distribu-
tion coefficients of americium presented in Figs 16 and 17 shows
that in extraction by BDNOPC these coefficients are higher by
3-6 orders of magnitude than in extraction by monodentate
NOPC. In particular, they are promising for the extensive
extraction of the actinides from waste in radiochemical indus-
tries. At the same time, they are of considerable interest because of
the unusual dependence of EA on the structure of the extractants.
Deviations of relations (4) and (7) have been observed in the study
of the extraction ability of alkylenediphosphine dioxides
R2P(O)(CH2)»P(O)R2,11 and carbamoylmefhylphosphine oxides
R'R"P(O)CH2C(O)NRi" (abbreviated to R'R"/R'"). Admittedly,
on formation of complexes with monodentate coordination,
characteristic of the extraction of inorganic acids (HNO3,
HC1O4),70-71 relations (4) and (7) hold qualitatively. The intro-
duction of electronegative substituents at the phosphorus atom in
place of alkyl groups lowers the degree of extraction [in particular,
in the 4Oct-2Oct2Ph-4Ph series (Fig. 18)].

Eqn (4) then holds quantitatively for HNO3: the dependence
of the logarithm of the extraction constant on the sum of the
electronegativities or the Taft constants of the substituents is
linear.70 Deviations from linearity have been observed for HCIO4
(Fig. 19): the introduction of the first two phenyl groups greatly
reduces EA, while the introduction of the next two groups has a
smaller effect. In the extraction of trivalent actinides and lantha-
nides, complexes with bidentate coordination are formed. In this
case, the replacement of alkyl groups by more electronegative
groups such as AlkO or C1(CH2)2 also lowers EA (Table 7).
However, when phenyl (or other aryl) group which have the
electronegativity like C1(CH2)2 are introduced into molecules of

HThe following abbreviations have been adopted below: if n = 1 and
R' = R" the extractant is designated by 4R, if R' # R" the designation is
2R'2R", and if n > 1 and R' = R" = Ph the designation of the extractant
is4Ph(CH2)B.

Figure 16. Dependence of the distribution coefficient of americium in
extraction by solutions of methylenediphosphine dioxides in dichloro-
ethane (0.01 M) and of triphenylphosphine oxide and TOPO in dichloro-
ethane (0.02 M) on the acidity.
Extractant: (7) 4Ph; (2) 2Ph2Oct; (3) 4Oct; (¥) 4Bu; (5) TOPO; (<5)
triphenylphosphine oxide (TPPO).

JCHNO3/mol l i t r e -

Figure 17. Dependence of the distribution coefficient of americium nitrate
in extraction by solutions of carbamoyhnethylphosphine oxides in
dichloroethane (0.05 M).
Extractant: (1) Tol2/Bu2; (2) Ph^Bu^ (3) OctPh/Bu2; (4) Oct2/Bu2.

1.5

1.0

0.5

1 3 XHNO3 litre"

Figure 18. Isotherms for the extraction of nitric acid by solutions of
methylenediphosphine dioxides in dichloroethane (0.025 M).
Extractant: (i) 4Oct; (2) 2Oct2Ph; (?) 4Ph.

extractants Nos 1 and 4, instead of alkyl groups, relations (4) and
(7) are infringed. Despite the increase in the electronegativity of
the substituents and the decrease in the basicity of the methylene-
diphosphine dioxides, the distribution coefficients and extraction
constants of trivalent americium and the lanthanides increase
almost by two orders of magnitude (Figs 16 and 20). This effect,
first observed by Rozen et al.74 and discussed in a number of
communications,22-72-79>81-87 has been called the anomalous
aryl stabilisation (AAS). The data presented in Table 7 indicate

Table 7. The effective constants for the extraction of americium(III) from
nitric acid solutions of R2P(O)CH2P(O)R2 in the form of disolvates
(determined by a method involving dilution in dichloroethane).72"74

No

1

2
3
4
5
6
7

Extractant

R'

Oct
BuO
C1(CH2)2

Oct
Ph
Bz
EtO

R"

Oct
Bu
C1(CH2)2

Ph
Ph
Bz
Ph

TX

8.0
9.6
9.32
8.66
9.32

_
9.46

1.6 xlO7

5.0 x 103

3.5 x 103

l.OxlO8

6.5 x 10"
8.0 xlO3

2.2 x 103
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Figure 19. Dependence of the effective perchloric acid and americium
extraction constants on the basicity and the sum of the electronegativities
of methylenediphosphine dioxides.71

Substance extracted: (I) americium trisolvate; (II) americium disolvate;
(III) molecular form of perchloric acid disolvate; (IV) perchloric acid
monosolvate; (V) ionic form of perchloric acid disolvate; extractant:
(1) 4Oct; (2) 2Oct2Ph; (3) 4Ph.

that the effect is associated not with the electronegativity but with
the chemica] nature of the aryl groups.

Yatsimirskii, Kabachnik, and coworkers80 found in their
conductimetric study of the formation of complexes by methyle-
nediphosphine dioxide with certain metals in acetonitrile that the
constant for the formation of a complex between Nal and 4Ph is
somewhat higher than for the alkyl-substituted dioxide. However,
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Figure 20. Dependence of the extraction constants for the actinides and
lanthanides by extraction with solutions of methylenediphosphine diox-
ides on the sum of the electronegativities of the substituents (a) and the
basicity (b).
Diluent: dichloroethane (continuous lines, left-hand scale), chloroform
(dashed line, right-hand scale); extractant: (I) 4Ph; (II) 2Oct2Ph;
(III) 4Oct; substance extracted: (/) Pu(VI); (2) U(VI); (3) Pr(III);
(4) Pm(IH); (5) Eu(III); (6) Cm, Pu(III); (7) Am(III); (8) Pu(IV).

they did not pay attention to this result, did not point it out in their
conclusions, and did not note the anomaly. This may have been
because the dependence of the complex formation constant on the
basicity of the ligand was not investigated (and possibly also
because the effect differs little from the experimental error, which
in view of the abundance of assumptions made in the method, the
authors estimated very optimistically as within the limits of 20%).
The authors confined themselves to the hypothesis that an exotic
compound is formed: a six-membered ring is not closed via two
oxygen atoms through a metal cation but via an anion — through
phosphorus. After more than a decade since the anomaly had been
discovered by Rozen et al.74, Yatsimirskii et al.80 carried out a
systematic study in which they replaced acetonitrile by tetrahy-
drofuran and found81 that the AAS effect is observed on
formation of complexes of alkali metal and copper ions with
methylenediphosphine dioxides and carbamoylmethylphosphine
oxides in ionising solvents (Table 8).

Table 8. The logarithms of the stability constants of the alkali metal
complexes ML+ of R'R"P(O)CH2C(O)NEt2 and R2P(O)CH2P(O)R2 in
tetrahydrofuran.81

M Ph2/Et2 PhBu/Et2 Bu2/Et2 4Ph 4Bu

Li
Na
K

3.69
3.59
2.73

3.38
3.24
2.48

3.11
3.08
2.35

4.72 3.92

The AAS effect is observed in various media [HNO3 (Fig. 16),
HC1, and H2SO4 (Fig. 21)] and is particularly large in perchloric
acid solution (Fig. 22), which we believe can be accounted for by
the increase in the solvation number as a consequence of the
decrease in the denticity of the metal-anion bond (the extraction
constant for the trisolvate is ~ 1013). The increase in \gK;X as
phenyl groups are introduced is nonlinear (the first two groups
make the main contribution).77 The AAS effect depends also on
the nature of the trivalent element (Fig. 20).74-78 In the case of
tetravalent and hexavalent actinides, the distribution coefficients
increase following the replacement of alkyl groups by phenyl
groups, while the extraction constants diminish slightly [there is
'apparent' stabilisation (Fig. 23)]. This can be explained by the

101

10°

10-

10-

10-

10-4

0 8 XH /mol litre"1

Figure 21- Dependence of the distribution coefficient of americium in
extraction by solutions of diphosphine dioxides in dichloroethane
(0.01 M) from sulfuric acid (1, 3) and hydrochloric acid (2, 4) solutions
on the acidity: (1) and (3) 4Oct; (2) and (4) 4Ph.
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J'Eu

- 1

2 6 JCHao, /mol li tre- '

Figure 22. Dependence of the distribution coefficients of amencium (I)
and europium (II) in extraction by solutions of methylenediphosphine
dioxides in dichloroethane (0.001 M) from perchloric acid solutions.73

Extractant: (I) 4Ph; (2) 2Oct2Ph; (3) 4Oct.

fact that the increment in AG due to the A AS (~ 3 kcal mol ~ ' for
two phenyl groups according to the estimate by Rozen et al.78) is
insufficient for the given elements to overcome the negative
inductive effect of the phenyl groups (we may recall that the
coefficients of the sensitivity to electronegativity B in extraction by
NOPC are 3.1 for americium and 4.6 for tetravalent and
hexavalent actinides, i.e. are much greater). On the other hand,
the increase in the distribution coefficient is attained as a result of
the suppression of the extraction of HNO3 by electronegative aryl
groups and the corresponding increase in the concentration of the
free extractant.82

When chloroform is used as the diluent, true AAS is observed
for tetravalent and hexavalent actinides (Fig. 20 a). This can be
explained by the enhancement of the oxygen-chloroform inter-
action in the 4Ph-2Ph2Oct-4Oct series with a corresponding
decrease in the EA for oxygen. When chloroform is employed, the
solvation number probably increases from two to three5-76 as a
consequence of the depolymerisation of the extractant.76 Nor can

10

0 8 XHCIO, /mol litre"1

Figure 23. Dependence of the distribution coefficients of uranium in the
extraction of uranyl nitrate by methylenediphosphine dioxides (apparent
AAS).
Extractant: (/) 4Ph; (2) 2Oct2Ph; (3) 4Oct.
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Figure 24. Distribution coefficients (7, 2) and isotherms (3, 4) for the
extraction of macroamounts of europium by solutions of methylenedi-
phosphine dioxides in dichloroethane (0.02 M).
Extractant: (/) and (3) 4Ph; (2) and (4) 4Oct.

one rule out the interaction of chloroform with the methylene
bridge of the dioxide.78

An unexpected result was observed in the extraction of
macroamounts of europium nitrate by solutions of tetraalkyl-
and tetraphenyl-methylenediphosphine dioxides in dichloro-
ethane. Whereas in the extraction of microamounts of americium
or europium by the above extractants in dichloroethane the
formation of disolvates was observed (according to data concern-
ing the influence of dilution in dichloroethane), in the extraction
of europium nitrate the distribution coefficient diminishes rapidly
as the extractant is saturated with europium, owing to the
formation of a trisolvate [a small plateau is observed on the
extraction isotherm (Fig. 24)], after which the distribution coeffi-
cients for the extractants are the same.76

The anomalous aryl stabilisation in the extraction of amer-
icium has been noted also for carbamoylmethylphosphine oxides
(Fig. 17);84"87 as for methylenediphosphine dioxides, the effect is
enhanced in perchloric acid solution.88"90 However, owing to the
lower extraction ability of carbamoylmethylphosphine oxides
compared with methylenediphosphine dioxides, extraction from
sulfuric acid solutions was not observed. Finally, the AAS has
been observed81 in the formation of complexes of alkali metal ions
and CuCl with carbamoylmethylphosphine oxides and methyle-
nediphosphine dioxides (Table 8).

The occurrence of the AAS and the breakdown of relations (4)
and (7) in extraction with BDNOPC indicate a significant
rearrangement of the extractant molecule on complex formation.
Therefore, as in extraction by amides, the prediction of EA on the
basis of the characteristics of an isolated extractant molecule
becomes incorrect.

The question arises of the nature of the AAS. Calorimetric
measurements (unfortunately there has only been one such
study76) indicate the bonding nature of the effect. A possible
explanation, first put forward by ourselves,22 is the amphoteric
nature of the aryl groups. Depending on the electron-accepting
capacity of the group to which the phenyl group is attached, the
latter may function both as an electron donor and acceptor.22

Quantum-chemical calculation has shown M that in a complex of a
monodentate NOPC with a proton (structure 1), the phenyl group
is an electron donor. When the proton is replaced by a metal
cation (structure 2) or an acid molecule, the phenyl group behaves
as an electronegative substituent.
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=0 • M"

This means that the electron accepting capacity of the group
attached to the phenyl substituent in structure 2 is lower than in
structure 1 and is insufficient for the conversion of Ph from an
electron-accepting into an electron-donating substituent. The
same has been observed in the formation of a complex by a
BDNOPC with monodentate coordination for example, in the
extraction of nitric acid (structure 3).

On the other hand, for the bidentate coordination of the
extractant to the metal (structure 4), the six-membered ring
formed has a reduced electron-accepting capacity and the phenyl
group is converted from an electron acceptor into an electron
donor.

The disappearance of the AAS when the phenyl group is
separated from the phosphorus atom by a CH2 group (in the
extraction of the tetrabenzyl derivative of methylenediphosphine
dioxide) indicates the n-n conjugation of the Ph group with the
PO group, arising on formation of the complex (a six-membered
ring) and also on delocalisation of the electron density from the Ph
group to the ring. The decrease in the AAS almost by three orders
of magnitude when the methylene bridge between the phosphorus
atom is replaced by an ethylene group, its complete disappearance
after the introduction of a propylene bridge (Fig. 25), and its
restoration when a vinylene bridge is introduced (despite the
expansion to a seven-membered ring), as well as the high mobility
of the protons of the methylene bridge t in the complex also

t Shcherbakova has shown76 that these protons aquire the capacity for
deuterium exchange, which is absent in the isolated extractant molecule.

8 JCHNOJ/mol litre"1

Figure 25. The influence of the length and structure of the bridge on the
extraction of americium by c«-R2P(O)CH = CHP(O)R2 and

indicate the chemical nature of the effect. One may postulate that
the ring is 'aromatised' — the formation of a single system of
conjugated bonds.

Thus there are arguments in support of the chemical
(electronic) nature of the AAS effect. On the other hand, some
evidence indicates its entropic character. Firstly, this conclusion
has been reached74 on the basis of the determination of the
enthalpy of extraction from the temperature variation of the
concentration extraction constant for trivalent americium in the
series 4Oct- 2Oct2Ph-4Ph (Table 9). Secondly, the changes in the
extraction of HNO3, in the IR spectra of the PO group, and in
X-ray photoelectron spectra indicate a decrease in the electron-
donating capacity of the oxygen atom in the phosphoryl group in
the above series (which, admittedly, does not rule out stabilisation
on complex formation and cyclisation via the metal cation).

Table 9. The americium extraction constants and the enthalpies of
extraction calculated from their temperature dependence (0.01 M solu-
tions of the extractants in dichloroethane).74

Parameter 4Oct 2Oct2Ph 4Ph 4Ph(CH2)2

K/un

-A7/(calc)
/kcalmol- '

1.5 xlO7

15.0
l x l O 8

14.2
6.3 x 108

13.0
5xlO 5

11.6

In their study of the extraction of Am(III) by carbamoylme-
thylphosphine oxides, Chiarizia and Horwitz91 noted that the
AAS is observed only for a high polarity of the diluent (when the
diluent parameter ID > 3, for example, nitrobenzene, nitrome-
thane, and chloroform). In weakly polar media (tetrachloroe-
thene, carbon tetrachloride, and o-xylene) the effect is absent; the
solvation number then increases from 2 to 3. Taking into account
these data, the authors concluded that the AAS is an effect of the
diluent. However, by analysing our results,83 we found that in
extraction by methylenediphosphine dioxides the AAS effect is
observed also when a weakly polar solvent (benzene) is employed
(Fig. 26). It may be that the results of the above study91 can be
accounted for by the loss of bidentate coordination with increase
in the solvation number. At the same time Japanese investiga-
tors,92-93 who studied the NMR spectra, showed that carbamoyl-
methylphosphine oxides in trisolvates are coordinated as
bidentate species to cerium and europium atoms. Admittedly,
the highly polar deuterochloroform was used as the diluent, which
may be the reason for the retention of the bidentate coordination.

Extractant: (/) cir-4Tol with a vinylene bridge; (II) cis-4Ph with a vinylene
bridge; (7) - (3) 4Ph(CH2)n, where n = 1 (7), 2 (2), 3 (3).

10

10- 2 -

0 5 0 5

*HNO, /mol litre- '

Figure 26. Isotherms for the extraction of americium(III) by 0.01 M
solutions of methylenediphosphine dioxides in benzene (a) and chloro-
form (b).
Extractant: (1) 4Ph; (2) 2Ph2Oct.
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Thus the causes of the AAS have not been fully established
and the contributions of the electronic and entropic effects have
not been separated. Despite this, the AAS effect is useful in
practice. In contrast to monodentate NOPC, including phos-
phine oxides which extract effectively tetravalent and hexavalent
actinides but are ineffective in the extraction of trivalent actinides
and lanthanides, the bidentate NOPC, especially those containing
aryl groups, extract trivalent actinides with very high distribution
coefficients.

The extraction ability of BDNOPC is influenced by the length
and structure of the alkylene bridge. It was found that this
influence depends both on the nature of the substituents in the
BDNOPC molecule and on the properties of the compound
extracted. For example, in the extraction of uranyl nitrate by
alkylenediphosphine dioxides with alkyl substituents, the influ-
ence of the length of the bridge is small and the highest EA is
observed in the case of the ethylene bridge (Fig. 27 a).94 The
chelation effect is then small (<10), but, if uranyl nitrate is
replaced by the perchlorate, the chelation effect is 105 and is
suppressed on lengthening the bridge, i.e. the AAS effect, which is
suppressed following an increase in the length of the bridge, is
observed. In the case of aryl substituents, the effect of the bridge
length is very strong (Figs 25 and 27) probably because the AAS
effect is suppressed; in the case of the propylene bridge, the EA is
lowest and corresponds to the electronegativity of the aryl

*HNO3 /mol litre"

Figure 27. The influence of the length and structure of the bridge on the
extraction of U(VI) by diphosphine dioxides.
(a) Extraction by tetrahexylalkylenediphosphine dioxides; the numerals
opposite the curves indicate the length of the alkylene bridge; (0)
extraction by TOPO; (4) extraction by dioxides with vinylene and
alkylene bridges.
Extractant: (7) cis-4Tol; (2) cu-4Ph; (3) 4Ph; (4) 4Ph(CH2)2; (5) EtPh2PO;
(<5) trans-4Ph.

substituents. As we have already mentioned, when a vinylene
bridge is introduced in the cw-position, the conjugation and the
AAS are restored but in the case of uranyl nitrate an appreciably
higher EA is attained than for the dioxide 4Ph,95 while in the
extraction of americium the EA is lower88 (Figs 276 and 25) by an
order of magnitude in nitric acid and by as much as three orders of
magnitude in perchloric acid. The dioxide with a vinylene bridge
'catches up' with the dioxide 4Ph only when the phenyl substitu-
ents are replaced by tolyl substituents (Fig. 25). Apparently the
electronic and steric effects also play a role in this case. We may
note that the difference between the shapes of the D = f([HNO3])
curves for UO2

+ and Am 3 + can be explained by the difference
between the stoichiometries: in the reaction with UO2NO3, the
monosolvate is formed together with the disolvate,95 which
lowered the displacing effect of HNO3 and shifts the maximum
in the distribution coefficient towards higher nitric acid concen-
trations.

The study of the influence of the replacement of hydrogen in
the methylene bridge of methylenediphosphine dioxides and
carbamoylmethylphosphine oxides by various substituents, for
example, in the compounds Ph2P(O)CHY(O)PPh2 (Y = C3H7,
CH3, or Cl) in the extraction of the actinides, showed that in all
cases such replacement lowers appreciably the distribution coeffi-
cients.87-9798 We found97 that the AAS vanishes for Y = C6H3,
i.e. both protons of the methylene bridge are needed for the
appearance of the effect. Despite the decrease in EA, which is
particularly marked (by four orders of magnitude) in perchloric
acid solution, the selectivity diminishes. However, in the case of
the methylenediphosphine oxide 4Ph, the introduction of a
pyridine group into the methylene bridge increases significantly
the distribution coefficient for the transplutonic element/lantha-
nide element pair.100 For alkali metals, the introduction of methyl
groups into the bridge increases the stability of the complexes.81

Steric effects apparently play an important role.
The influence of substituents in the benzene ring on the EA of

the tetraarylmethylenediphosphine dioxides 4Ar in chloroform
has been investigated101 in relation to the extraction of uranium
(trisolvates are extracted; Kv = 0.7 x 108 may be found from the
data101 for 4Ph). On passing from the unsubstituted phenyl group
to p-to\y\ (i.e. after the introduction of the CH3 group into the
benzene ring), the extraction constant increased by a factor of 1.5;
after the introduction of ap-CHsO group, the increase was by two
orders of magnitude; the CH3O group in the mefa-position does
not increase the degree of extraction. The replacement of CH3O by
C4H9O causes an additional increase in the constant by a factor of
~ 2. The introduction of halogen-containing groups diminishes
the solvation number from 3 to 2 and leads to a very marked
decrease in the degree of extraction: for Ar = CIC6H4, BrC6H4,
/7-CF3C6H4, and »J-CF3C6H4, the extraction constants are respec-
tively 130, 110, 70, and 14, i.e. diminish with increase in the
electronegativity of the groups introduced. When alkyl groups
attached to phosphorus atoms were introduced into the benzene
rings of carbamoylmethylenephosphine oxides,102 an increase in
the degree of extraction was observed, as for methylene diphos-
phine dioxides. The influence of the substituent at the nitrogen
atom on the EA of carbamoylmethylphosphine oxides has also
been investigated;103 it proved to be weak and, when a phenyl
group was introduced, there was no AAS effect.

Chmutova, Myasoedov, and coworkers104-105 investigated
the extraction of nitric acid, americium, uranium, and plutonium
by bidentate organophosphorus compounds with a rigid bridge (a
benzene ring fragment) — the ortho- and meta-isomers of
xylylenediphosphine dioxides (see also Rozen's review79). It was
found that the introduction of two CH2P(O)Ph2 groups in the
orrto-position increases the selectivity of the separation of the
U/Pu and Pu/Am pairs: the separation factor reaches 103-104.
This result has no practical significance (such separation factors
are obtained also in extraction by TBP), but it is important
because it indicates a possible way of increasing the selectivity by
employing steric hindrance or rigid units *.99

V
C H 2 - P = O

C H 2 - P = O

Ph Ph

orfAo-isomer

5

% The idea that rigid units should be used to improve selectivity is due to
Kabachnik.100
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It is of interest that the meta-isomer of tetraphenylxylylene-
diphosphine 6 exhibits a much lower selectivity and basicity than
the ortho-isomer 5,194> 105 but it extracts actinides with appreciably
greater distribution coefficients. The degree of extraction of
americium by the meta-isomer is higher by three orders of
magnitude — for example, Km „ = 3.26 x 102 and Ka. m =
4.9 x 105 for tetra(p-tolyl)xylylenediphosphine dioxide. On the
other hand, the degree of extraction of uranium and plutonium
increases only severalfold on passing from the ortho- to the meta-
isomers. The uranium/americium separation factor therefore
diminishes by two orders of magnitude. These surprising results
were explained106 by the fact that, owing to steric hindrance, in the
extraction by the orf/io-isomer only complexes involving mono-
dentate coordination are formed with the actinides. Under these
conditions, the trivalent elements are poorly extracted (as in extr-
action by TBP), so that the An(IV)/An(III) or An(VI)/An(III)
separation improves. On the other hand, in extraction by the
meta-isomer complexes involving bidentate coordination are
formed as a consequence of the decrease in steric hindrance, the
degree of extraction of americium increases, and the Am/U and
Am/Pu separation is less effective.

Judging from data on the extraction of nitric acid by
tetraphenylxylylenediphosphine dioxide, the meta-isomer should
be more basic: Kio = 0.0336, K\m = 0.51. This has also been
confirmed by the AMI quantum-chemical calculation: the meta-
isomer forms more stable complexes with nitric acid than the
ort/io-isomer (AH = - 8 .6 and -7 .1 kcal mol"1 respectively),
which agrees with the observed difference between the extraction
constants. It has been suggestedlos that, in the determination of
ortho-isomei basicity by titrating the reagent with perchloric acid
in nitromethane, a complex involving the bidentate coordination
of the proton is formed. This in fact leads to an increased formal
basicity. Indeed, our calculations by the AMI method have shown
that the ortfio-isomer effects the bidentate coordination of the
proton (the distance between the oxygen atoms of the phosphoryl
groups is R = 2.3 A) and with a much higher interaction energy
(PA = 256.2 kcal mol"1 ) than the mefa-isomer, for which the
coordination of the proton is monodentate (.R0...0 = 6.1 A, PA =
224.1 kcal mol"1). On the other hand, the meta-isomer forms a
more stable complex with the lithium cation than the ortho-isomei
(R0...0 = 2.8 and 3.9 A, AH = -41.8 and -6 .8 kcal mol"1).

A phenomenon resembling the true AAS has been observed in
such systems for a ten-membered ring.105 The americium extrac-
tion constants have been determined for tetra(p-tolyl)-
m-xylylenediphosphine and tetrabutyl-m-xylylene dioxides as
4.89 x 105 and 2.5 x 105 respectively. However, an americium
extraction constant of 1.45 x 104 has been found for tetraphenyl-
m-xylylenediphosphine dioxide, i.e. there is no true aryl stabilisa-
tion. Apparently for this ring size the energy increment cor-
responding to the AAS (~ 1 kJ per mole of Ph) is small and is
insufficient to overcome the negative inductive effects of the
phenyl group; the operation of steric factors may also prove to
be important.

Carboxylic acid diamides are also effective bidentate extrac-
tants, for example, CH2[C(O)NOctMe]2, which has been pro-
posed as an extractant for the actinides.107 The tridentate
dicarbamoylphosphine oxides 7 are interesting because the AAS
effect is observed when the methyl group is replaced by the phenyl
group 108

The study of extraction by polyphosphine oxides containing three
and four phosphoryl groups showed that the increase in EA
compared with that of the dioxides was insignificant.109

X. Polydentate neutral extractants —
crown-ethers
Polydentate extractants (crown-ethers) are known to be stereo-
specific. The stereospecificity is manifested predominantly (not
always owing to the flexibility of the rings) in the electrostatic
interaction occurring in processes involving the extraction of
alkali and alkaline earth metals. In the extraction of acids and
metal salts (strong electron acceptors), electronic effects, espe-
cially EDA interaction play an important role.110"113

In order to obtain quantitative data necessary for the
determination of the dependence of the EA of crown-ethers on
the structure, a study was made98 of the extraction of nitric acid
and plutonium, neptunium, uranyl, and thorium nitrates by
crown-ethers of the type 18-crown-6 with different substituents.
18-Crown-6, dibenzo-18-crown-6, dicyclohexyl-18-crown-6, as
well as dibenzo-ethers with alkyl or alkoxy-groups introduced
into the benzene ring were used.§

The data obtained permit the conclusion that the rules
characteristic of extraction by monodentate compounds hold.
Thus, with increase in acidity, curves with a maximum (Pu) are
observed. These are due to the combination of the salting-out and
displacing effects of the acid.27 The concave initial section of the
uranium and thorium extraction isotherms is due to the dissocia-
tion of the salts in the aqueous phase. Plutonium and thorium
form disolvates with crown-ethers, whilst uranium and HNO3
form monosolvates. The extraction of actinides by crown-ethers
depends greatly on their oxidation state as, in the case where
monodentate extractants, for example, TBP, are used. The
extraction ability increases in the sequence Th(IV) <
Np(IV) < Pu(IV), etc.

At the same time, the equilibria involving crown-ethers are
more complex than those involving monodentate extractants. The
intense extraction of HNO3 by crown-ethers is noteworthy: for an
acidity > 6 M, it is much more pronounced than the extraction
employing the most 'powerful' extractant among the NOPC—the
phosphine oxide TOPO (Fig. 28 a). The complexes
(HNO3),{H2O)A • L, containing from one to twenty or more acid
molecules per ligand molecule, are formed. The equilibrium has
been described110 as the formation of a polymer chain with
attenuation (a decrease in the constant for the addition of the
last acid molecule with increase in its number). The usual
description with the aid of a single constant111 is inappropriate
here. The first extraction constants observed for crown-ethers are
higher than for ordinary ethers by two-three orders of magni-
tude, which indicates polydentate coordination. The thorium
extraction isotherm was found to be complex. For thorium,
dilution yields an apparent solvation number of 1, whereas
according to saturation data it is 2. This contradiction has been
explained110 by the dissociation of the complex in the organic
phase. The constants for extraction by crown-ethers are presented
in Table 10.

§The extraction of HNO3 and actinide nitrates has been investigated by
Yakshin and coworkers.111'112 Unfortunately the complexity of the
equilibria in systems with crown-ethers (especially in the extraction of
HNO3, see below) was not taken into account in the above studies, the
extraction constant was determined from one point, and a check was not
made to make sure that the isotherm as a whole is described for this value
of the constant (distribution data are not presented by Yakshin et a l . m ) .
As a result.the quantitative extraction characteristics found by Yakshin
and coworkers111'112 and quoted in a review1'4 are only qualitative and
may differ from the true values severalfold.
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Figure 28. Isotherms for the extraction of HNO3 (a), uranium and thorium (£>), and plutonium (c) by solutions of crown-ethers in dichloroethane (0.1 M)
and dependence of the extraction constant on the basicity (the energy of the interaction with phenol) (d).
Extractant: (I) dibenzo-18-crown-6; (2) 18-crown-6; (3) cyclohexyl-18-crown-6; {4) TOPO; (5)TBP.

The dependence of the extraction ability of crown-ethers on
structure is similar to that for neutral monodentate compounds.
In particular, it is possible to control the EA of crown-ethers by
varying the substituents. According to Eqns (4) and (7), EA
increases with decrease in the electronegativity of the substituents
(phenyl < alkyl < cyclohexyl) and the corresponding increase in

Table 10. The concentration (K) and effective (K) constants for extraction
by crown-ethers (0.1 M in dichloroethane).110

HNO3 UO2(NO3)2 Th(NO3)4 Pu(NO3)4 Np(NO3)4

Dibenzo-18-crown-6

K 0.1 (0.026)
K -

18-Crown-6

K 0.3 (0.036)
K 0.01

0.004 (0.062)
0.01

-(0.036)

Dicyclohexyl-18-crown-6

K 1.0(0.50)
K 0.15

0.20 (0.72)
0.5

6.5 x lO- 1 0

1.6x10- '

3 .0x10- '
1.0 x l O - 5

5.0x10-"
0.1

-1.5

~40
~ 5

-1000

the basicity of the crown-ether (for example, the energy of the
reactions of the ethers with phenol113) in the series
dibenzo-18-crown-6 < 18-crown-6 < dicyclohexyl- 18-crown-6
(Fig. 28 d).

The nonlinearity of the correlation may be associated with an
insufficiently correct allowance for the solubility of 18-crown-6 in
the aqueous phase. The introduction of alkyl groups into the
benzene ring of dibenzo-18-crown-6 has little effect on its EA,
while an alkoxy-group increases the EA to the level of the EA of
18-crown-6 (i.e. the same rules are observed as in extracton by
BDNOPC, but they are less stringent).

The results constitute fairly convincing proof of the important
role of electronic factors. A detailed survey of data on the
extraction properties and the complex-forming capacities of
crown-ethers may be found in a monograph.114 Different con-
tributions to the complex-formation energy have been ana-
lysed.115-116

Unfortunately crown-ethers extract trivalent actinides and
lanthanides very weakly (the basicity of the oxygen in the ether
group is low). It would be useful to develop macrocyclic extrac-
tants for the extraction and fine separation of trivalent actinides
and lanthanides.

-100

Note. The numbers in brackets represent the data from Refs 111-113.
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XI. Organic acids

Organophosphorus acids (R'R2POOH) and carboxylic acids
(RCOOH) are frequently used as extractants. The presence of
the functional groups PO and OH in the organophosphorus acids
and of CO and OH in carboxylic acids permits the extraction of a
metal via both the cation-exchange and solvate or mixed mecha-
nisms. We shall consider these mechanisms in relation to organo-
phosphorus acids (OPA).

1. Extraction via the cation-exchange mechanism
The cation-exchange extraction mechanism predominates in the
weakly acid region. When account is taken of the dimerisation of
the acid, the process is described by Eqn (3) and the extraction
ability is characterised by the equilibrium constant of this
reaction. The metal cation extracted replaces the proton of the
organic acid and is at the same time coordinated to the oxygen
atom of the phosphoryl group.

Thus both functional groups (PO and OH) participate in the
coordination. This is the reason for the characteristic feature of
the influence of the structure of the OPA on their extraction ability
in extraction via the cation-exchange mechanism. The change in
the electronegativity of the substituents X has the opposite effect
on the reactivity of the groups PO and OH: with increase in the
electronegativity, the strength of the acid and the EA of the OH
group increase, but the electron-donating capacity and the
extraction ability of the oxygen atom of the phosphoryl group
diminish.34 As a result, in contrast to NOPC for which the
dependence of EA on the structure is universal, in extraction by
OPA the nature of the influence of the structure depends on the
nature of the element extracted and on the way in which this element
reacts with each centre. Thus the acid strength and the degree of
extraction of trivalent actinides and lanthanides, which form
predominantly an ionic bond and are weakly coordinated to the
oxygen atoms of the PO group, increase in the series R2POOH-
R(RO)POOH-(RO>2PCOH (i.e. with increase in the electronega-
tivity of the substituents). Conversely, the degree of extraction of
tetravalent and hexavalent actinides, which are strongly coordi-
nated to the PO group (they form predominantly a covalent bond)
weakens in this series (Fig. 29). One may assume that6-34'49

(11)

In the extraction of trivalent actinides and lanthanides,
BQH > Bpo and the extraction ability of OPA increases with
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Figure 29. Dependence of the extraction ability of organophosphorus
acids [the (RO)2POOH (7)-RORPOOH (2)-R2POOH (i) series] on the
sum of the effective electronegativities.
(a) Constants for the extraction of UO2

+ (I) and Am3+ (II) via the
ion-exchange mechanism; (6) constants for the extraction of UO2 via the
ion-exchange (K,) (I), exchange-solvate (K12) (II), and solvate (K2) (III)
mechanisms.

increase in the electronegativity of the substituents. BOH < -Spo in
the extraction of uranyl, so that the opposite dependence of EA on
the electronegativity holds.

The above explanation was confirmed also by semi-empirical
AMI and PM3 quantum-chemical calculations.117 We used the
enthalpy (A//exch) of the gas-phase exchange reaction as a
characteristic of the EA

(HY)2 + Kat+ = (HY- KatY) + H+ .

In the determination of AHexch (in contrast to the determina-
tion of the enthalpy of the extraction reaction), no account was
taken of the hydration energies of protons and cations (transhy-
dration energies), which remain unchanged if only the extractant
is varied. The assumption that the nonspecific solvation has only a
slight effect on the process energy relations is therefore fully
justified. The overall process may be represented as consisting of
two stages: (1) deprotonation of the acid dimer molecule; (2)
formation of cyclic complexes. AHcxch is the sum of the enthalpies
of these reactions. The acids R 'R^OOH, where R1, R2 = R, RO
(R = Alk), and Cl, were examined and model ions were chosen as
the acceptor (Kat+) — 'hard' AlBrJ and 'soft' (HgH+). Accord-
ing to Pearson's theory, the former ion should form predom-
inantly ionic bonds and the latter predominantly covalent bonds.

As can be seen from Fig. 30, the calculated A.ffexch increases
for AlBrJ and decreases (slightly) for HgH+ with increase in acid
strength in the series R2POOH-RORPOOH-(RO)2POOH-
CI2POOH, which agrees with the experimental extraction data
presented above.

/kcal mol

140

100

60

-A *

300 320 340

/kcalmol"1

Figure 30. Dependence of the enthalpy (AH^xch) of the exchange reaction
between organophosphorus acids and AlBrJ (1,2) and HgH + (3,4) on the
enthalpy of the organophosphorus acid deprotonation reaction
Calculation by the AMI (1,3) and PM3 (2,4) methods.

Figure 31 presents the variation of constants for the extrac-
tion of trivalent americium and promethium by organophos-
phorus acids over a wide range of variation of ZX and the acid
strength (pA).118 Evidently, by increasing the electronegativity of
the substituents and hence the acid strength, it is possible to
increase the extraction of trivalent lanthanides and actinides by
several orders of magnitude. Alkylphenylphosphoric acid has the
highest EA (pK = 1.4);' a further increase in EA could probably
be achieved by the replacement of the alkoxy-group by PhO
(pK = 0.8) and C1C6H4O (pK = 0.2).

IJThe quality of the correlation is unsatisfactory possibly because we
employed old data; as in the case of NOPC, an effective electronegativity
(Xa = 2.2) had to be introduced for the RO group.
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Figure 31. Dependence of the constants for the extraction of promethium (I) and americium (II) by the organophosphonis acids R'R2POOH on the
Kabachnik (a) and Taft (b) substituent constants and pK (c) over a wide range of basicities.
Extractant: (1) ROQsH5L; (2) ROC1CH2L; (3) ROCeHsL; (4) (RO)2L; (5) ROCH3L; (6) RCeHsL; (7) RORL; (8) R2L, where R - di-2-ethylhexyl and
L = POOH.

Together with the increase in EA, an important aspect of the
improvement of OPA as extractants is, firstly, an increase in the
phase stability of their complexes as a result of the suppression of
polymerisation which leads to the formation of gels insoluble in
the diluent and reducing the capacity of the extractant; secondly
an increase in selectivity, especially in the separation of lantha-
nides and actinides. Both problems can be solved by optimising
the hydrocarbon chain. About 30 years ago, diethylhexylphos-
phoric acid (D2EHPA) began to be used. It exhibits a higher
selectivity and phase stability than di-n-octylphosphoric acid as a
result of the branching in the ^-position. However, it has been
recently observed that free D2EHPA and some of its complexes
are polymerised to an extent exceeding dimerisation.119-120 A
further improvement of the properties of OPA by lengthening
the hydrocarbon chain is possible, but a better solution has been
proposed121 — the replacement of alkyl substituents by the bulky
ethylcyclohexyl [diethylcyclohexylphosphoric acid (DiECHPA)]
or cyclohexylcyclohexyl [dicyclohexylcyclohexylphosphoric acid
(DiCHCHPA)] substituents:

Et—/ \—okpoOH (( y—( V-OJ2POOH

DiECHPA DiCHCHPA

The bulky substituents suppress polymerisation in the extrac-
tion of the lanthanides; the formation of gels was not observed and
the capacity CM/CHR increased (for example to 40% and 35%
respectively in the case of neodymium instead of 25% for
D2EHPA) and the total energy of the complexes Nd(HR2)3,
calculated by the molecular modelling method, increased by a
factor of 2 and 3 — from 550 for D2EHPA to 1120 for DiECHPA
and 1700 kcal mol-1 for DiCHCHPA. There was also a signifi-
cant increase, compared with D2EHPA in the extraction ability
for DiCHCHPA (by 1 - 2 orders of magnitude) (Fig. 32) and in
the selectivity (especially for the La/Ce and Gd/Ho pairs).

It has been shown122 that the monobasic acid (a D2EHPA
analogue)

, / ' / r \
O H ,

where R' C

CH2CH3

-Oct' , R" = OCH2CH

CH2CH2CH3

is a more effective extractant than D2EHPA. It was shown in the
above study that dibasic acids having the general formula

O=PO(CH2)2O—X—O(CH2)2OP=O
OH ,

are effective for the extraction and separation of the lanthanides.
Here X may be — (CH2)2-, o-C6H4, orp-QEU. The dibasic acid
containing a phenyl group in the para-position (p-DA) in the
middle of the bridge proved to be the most effective and selective
(predominantly in relation to the heavy lanthanides). The authors
explain their results by the steric hindrance generated by the
bridge and the advantage of p-DA by the rigidity of the bridge
with a phenyl group in the para-position. It is noted thatp-DA is
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Figure 32. Dependence of the extraction equilibrium constant on the
atomic number of the lanthanide.
Extractant: (7) D2EHPA; (2) DiECHPA; (3) DiCHCHPA.
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Table 11. Extraction of the lanthanides by the organophosphorus acids R'R2POOH.

R1

PenCHMeCH2CH2O
PenCHMeCH2CH2

PenCHMeCH2CH2

PenCHMeCH2CH2

PenCHMeCH2CH2

Pr1

Pr1

BuCHEtCH2O
BuCHEtCH2O
HexCHMe
HexCHMe
PenCHMeCH2CH2

R2

PenCHMeCH2CH2O
Me3CCH2O
BuCHEtCH2O
HexCHMeO
PenCHMeCH2CH2O
Me3CCH2O
PenCHMeCH2CH3O
Me3CCH2O
PenCHMeCH2CH2O
Me3CCH2O
PenCHMeCH2CH2O
PenCHMeCH2CH2

pA.

3.25
4.15
4.21
4.37
4.08
4.37
4.36
4.39
4.42
4.51
4.37
5.12

lgA«

Nd

1.56
-0.55
-0.99
-1.46
-0.81
-0.80
-0.56
-1.19
-1.45
-1.24
-0.92
-2.20

Sm

2.23
0.61
0.12

-0.51
0.34
0.86
0.61

-0.14
-0.40

0.11
-0.06
-1.27

Note. The following designations have been adopted: Pen = C5H11; Hex = C6H13.

Y

4.36
2.86
2.55
1.89
2.75
2.76
2.59
2.21
1.88
2.22
2.30
0.93

Yb

5.23
3.75
3.61
2.94
3.99
3.24
3.72
3.14
2.91
2.71
3.31
2.06

ftim/Nd

4.68
14.45
12.88
8.91

14.13
45.71

4.79
11.22
11.48
22.39

7.20
8.51

Pvb/Y

7.41
7.76

11.48
11.22
17.38
3.02

13.49
8.51

10.72
3.09

10.23
13.49

present in solution as the trimer (the remaining dibasic acids are
dimerised).122

Interesting results have been obtained in the study of Yuan
et al.123 The influence of steric factors was investigated in relation
to the extraction of the lanthanides by alkylphosphonic acids
R(RO)POOH with different structures of the alkyl and
alkoxy-chains. It was noted that, for a virtually identical basicity
(pK = 4.1-4.5), the acids differ by an order of magnitude as
regards both their EA and selectivity (Table 11). The branching of
the alkyl chain increases the degree of separation predominantly
of the heavy lanthanides, while the branching of the alkoxy-chain
increases the separation of the light lanthanides. The influence of
branching is greater the closer it is to the central phosphorus atom.

In the same study,123 an attempt was made to discover by the
molecular mechanics and quantum-chemical methods the opti-
mum conformation of the acids and to investigate the influence of
their structure on electronic characteristics.

2. Extraction by the exchange-solvate and solvate
mechanisms
We have already mentioned that the extraction by OPA is not
confined to the cation-exchange complex-formation mechanism.
With increase in the acidity of the aqueous phase, this mechanism
is suppressed and new mechanisms arise. We shall examine this
problem in relation to the extraction of uranyl as example.

In the weakly acid region, the cation-exchange extraction
mechanism predominates; for example, for uranyl we have

VO2
2

+ + 2NO3" + 2(HY)2 — - UO2(HY2)2 + 2(H + + NOj").

Under these conditions, the distribution coefficient of uran-
ium (like those of other metals) rapidly diminishes with increasing
acidity (Z>u ~ *HNOJ)- However, as can be seen from Fig. 33, this
decrease is replaced by an increase — a minimum and then a
maximum in the distribution coefficient is observed (at acidities of
3 and 6 M respectively for D2EHPA).49-127 This indicates a
change in the complex formation mechanism. It has been
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Figure 33. The contributions of different mechanisms to the extraction of U(Viy by diheptylphosphoric (a), phosphonic (b), and phosphinic (c) acids
(0.0005 M in o-xylene).
(7) Experimental data; (2) ion-exchange mechanism; (3) exchange-solvate mechanism; (4) solvate mechanism.
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suggested125> 126 that the cation-exchange extraction mechanism is
replaced by the solvate mechanism:

2NOJ + 2(HY)2 (12)

However, it has been shown124> 127 that the ideas of the above
workers125-126 are too simplified and that the description of the
result is erroneous. Agreement with experiment was achieved on
the assumption that the activity coefficients of uranyl nitrate in the
aqueous phase y± are constant,whereas they increase from 0.5 to
2.5, i.e. by a factor of 5, as the ionic strength is raised from 0.5 to
10, while the value of y± in the equation of the Law of Mass Action
increases by a factor of 100.

In reality it was found that, as the acidity increases, the second
extraction reaction is not reaction (12) but the formation of an
exchange-solvate complex containing one inorganic and one
organic anion:

NOJ + 2(HY)2 (13)

On the other hand, reaction (12) hardly occurs for D2EHPA:
Ku = 104, K\2 = 3 x 104, and K22 < 10, possibly owing to steric
hindrance (for di-n-octyl phosphoric and di-n-heptylphosphoric
acids, K22 = 5 x 102, i.e. an appreciable albeit relatively small
value).

The role of solvate formation by reactions (12) and (13)
increases in the series alkylphosphoric-phosphonic-phosphinic
acids, i.e. with increase in the electron-donating capacity of the
oxygen atom of the phosphoryl group.34-49 The 'sensitivity' of the
extraction constant to changes in the structure of the substituents
(their electronegativity) in the course of the transition from the
ion-exchange to the exchange-solvate and solvate mechanisms
intensifies (Fig. 29).

In the extraction of ions of higher valence, the picture becomes
more complicated, since there is a possibility of the appearance of
several exchange-solvate complexes, for example, the formation
of MY3NO3, MY2(NO3)2, and MY(NO3)3 for Pu(TV). The
hypothesis has been put forward49 that the symmetrical
exchange-solvate complex MY2(NO3)2 exists, but no evidence
was quoted. We may note that the extraction of Pu(IV), which is
effectively coordinated by the oxygen atom in the phosphoryl
group,30 weakens, like that of uranyl, in the series phosphi-
nic-phosphonic-phosphoric acids, i.e. with increase in the
electronegativity of the substituents and with decrease in the EA
of the PO group.49

3. Extraction by bidentate phosphonitrilic acids
The extraction ability of OP A is greatly reduced by dimerisation,
which results in the bindmng of both reaction centres — PO and
OH. Accordingly there is a possibility of a new way of controlling
their EA: the creation of obstacles to dimerisation, for example,
the employment of multiunit polyphosphonitrilic acids. These
acids have been proposed as extractants by Laskorin et al.128

Indeed, it has been found129'130 that the constants for the
extraction of americium and europium by polyphosphonitrilic
acids are 8 orders of magnitude higher than the constants for the
extraction of these elements by D2EHPA. For the tetravalent and
hexavalent actinides, the increase in EA was comparatively small.
This can be accounted for by the fact that the intensification of the
extraction of Am(III) and Eu(III) was assisted by the imide
rearrangement

OR

P—NH—]

OH

N-

OR

P—N=]

OR

OH OH

N ,

since the number of OH groups, successfully coordinating
trivalent elements, increased, but at the same time the PO
groups, which coordinate tetravalent and hexavalent actinides
most effectively, disappeared.

An advantage of the polydentate phosphonitrilic acids as
extractants is a very high EA, whilst their disadvantage is a low
selectivity.

XII. Organic acid salts
The acid salts of certain metals (Zr, Hf, Ti, etc.) are known to
exhibit higher EA than the corresponding phosphoric
acids.131"133 This phenomenon is usually explained by the
enhancement of the acid properties; the salt [for example,
ZrY,»(HY)2] may be regarded as a strong metalloacid (for
example, H2ZrYs), assuming implicitly that the dependences of
EA on the structures of the acids and their salts obey common
rules. In this case, one may postulate that the possibilities for
increasing the EA of the salts (and hence of increasing the
concentration of the inorganic acid at which these extractants
are capable of extracting radionuclides effectively) are far from
exhausted. Stronger organic acids, for example, sulfonic acids,
may be used.

At the same time we do not believe that this is the only
explanation, since an increase in acidity may be accompanied by
the simultaneous decrease in the energy of the complex formation
reaction with the metal cations. Quantum-chemical calculation
has shown that OPA salts are indeed stronger extractants than the
acids themselves,117 but the main reason for the differences
between the extraction abilities of the OPA and their acid salts
with metals are the differences between the energies of the steric
strain in the ligands.134

The salts of organic acids with inorganic bases, for example
R4NY (binary extraction proposed by Khol'kin135-136) are of
great interest as extractants. The binary extractant belongs to the
neutral group. For example, the extraction reaction of the acid
HmB takes place in accordance with the equation:

m H mHY.

However, the initial section of the extraction isotherm is linear
and the distribution coefficient is approximately constant,135"137

whereas in the extraction by the usual neutral extractants at x -* 0,
D -> 0.27 It can be shown that the binary process is analogous to
extraction by neutral extractants with dissociation of the com-
pounds in the organic phase:

mH+ B m - + qLo - mH+L,+ + Bm+hq-;mq+ q- = q.

In both cases the number of species (ions) does not change in
the extraction process, so that we have D(Q) = const, when
x->0.137-140 However, there are incomparably greater possibil-
ities for controlling the binary process. In particular, the EA of the
binary extractant may be increased by employing a weaker acid
HY; the extraction constant X(HmB)» K^m, where K* is the
dissociation constant of the acid HY. This fact has been con-
firmed in the extraction of inorganic acids and platinum metals.138

In the latter case, the binary extractants have a great advantage
over inorganic salts of amines and quaternary ammonium bases
because they do not form insertion complexes and make it possible
to achieve back-extraction readily.

We may note that the EA of binary extractants may be
determined not only by the strength of the acids but also by the
operation of steric factors. For example, the degree of extraction
of H2PdCl4 by tetraoctylammonium alkyl(alkoxy)sulfonates
increases in the series of the following anions derived from
sulfonic acids of similar strength:
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H33C16O

H21C

H33C,6O

Table 12. Characteristics of diluents based on measurements of the activity
coefficients and extraction data.5

H2iC,0O

H33C,6Q

i.e. it increases with increase in the number of substituents and in
the length of the chains of the alkyl groups.138

Cobalt dicarbolides, which effectively extract caesium (at
HNO3 concentrations up to 4 - 6 M), strontium, and trivalent
actinides and lanthanides, are unusual acid extractants.139

. The influence of diluents on the extraction
ability of organic compounds
The nature of the diluent has a comparatively weak influence on
extraction by monodentate neutral compounds, for example,
NOPC, but has a strong influence on extraction by BDNOPC.
What is the explanation? We may recall that the effective
extraction constant is5-34> 140

K = (14a)

where KT is the thermodynamic extraction constant, y^ and yc are
the activity coefficients of the extractant and the complex
respectively, and q is the solvation number. The thermodynamic
constant is independent of the nature of the diluent and its
influence is determined by the parameter

dil = ^ . (14b)

The activity coefficients of the extractant and the complex in
basic diluents (saturated and aromatic hydrocarbons, aprotic
chloroderivatives) have been determined experimentally in rela-
tion to the extraction of uranyl nitrate by TBP [the complex
UO2(NO3)2L2]141-142 and the uranyl salt of D2EHPA [the com-
plex UO2(HY2)2],143 Table 12 presents the values of yL and yc at
zero concentrations of the extractants complexes and also the
values of dil(0) and dil/dilcci4 = D/DCcu- Comparison of the
measured values of dil with experimental extraction data indi-
cates satisfactory agreement. The coefficients yi. for various
diluents differ markedly (for example, by an order of magnitude
for benzene and hexane). Since in the above systems q = 2, one
might have expected differences between the parameters dil and D
by two orders of magnitude. However, as can be seen from Table
11, the activity coefficients of the complex change 'in the same
direction' as yL and a compensation takes place—the values of dil
and D for various diluents differ little from one another (dilution
with chloroform, where dil and D are significantly reduced, is an
exception).

In order to understand the results, one has to take into account
the fact that the activity coefficients and dil are determined by the
operation of three factors:34 (1) the athermal effect (the increase in
entropy on mixing molecules differing in size and shape); (2) van
der Vaals forces; (3) chemical interaction (the last factor dimin-

Parameter CCL, C6H6 C6HM

Extraction of uranyl nitrate by TBP [complex extracted
UO2(NO3)2(TBP)2]

7L(0)

7c(0)
dil(0) = y?.(0)/yc(0)

dil/dilco. =
= (D/Dcci.)

(experiment)

0.38
0.15
1.0

1.0

0.38
0.06
2.42

2.35

4.36
13.3

1.55

1.5

CHCI3

0.01
0.08
0.013

0.03

Extraction of uranyl by D2EHTA [complex extracted UO2(HR.2)2]

7L(0)

yM
dil(O) = y[(0)/yc(0)

dil/dilcci.
D/Dccu
(experiment)

0.052
0.0047
0.58
1.0
1.0

0.040
0.0028
0.55
0.95
0.97

0.61
0.15
2.44
4.2
4.7

0.0039
0.00016
0.097
0.16
0.14

ishes both yi, and yc). It can be shown that the effects of the first
two factors on yi. and yc cancel out even for the opposite sign of
nonideality (for example, for hexane and benzene). The compen-
sation is most complete on formation of monosolvates (in
particular, this is why HNO3 is most sensitive to the nature of
the diluent) and is satisfactory on formation of disolvates, but
when trisolvates are formed the athermal effects for benzene and
CCI4 cancel out incompletely; since y^herm « 1, dil and D
decrease compared with saturated hydrocarbon diluents. On the
other hand chemical reactions do not cancel out at all. They are in
fact decisive, the interaction with the extractant diminishing dil
and D while that with the complex increasing them. The chemical
interactions with the diluents CCI4 and Cd&6 are comparatively
weak and do not play any role; in the case of C£1\A, they are
altogether absent. On the other hand, the interaction with CHCI3
is significant (a hydrogen bond having an energy
of ~ 5 kcal mol"1 is formed with TBP) and is stronger with the
extractant than with the complex because in the latter the oxygen
of the PO group is blocked by the metal extracted. There is a
corresponding significant decrease in -fi and in the degree of
extraction [by a factor of 30 for TBP (Table 11)].

In the absence of appreciable chemical interactions, the
activity coefficients of the extractants and the complex are
correlated,34 which makes it possible to describe the influence of
the diluent by means of one parameter.144

Thus in the extraction of metals and acids by monodentate
extractants, the inert diluent does not usually affect the depend-
ence of EA on the structure of the extractants. Hence in the vast
majority of the systems investigated, the degree of extraction by
the organic oxides R«XO increases in the sequence TBP < dioctyl
sulfoxide (DOSO) < 2-nonylpyridine-JV-oxide (2-NPO) < triiso-
pentylphosphine oxide (TPPO) regardless of the nature of the
diluent and the compound extracted. The extraction of acids by
solutions of 2-NPO and TPPO in diluents with different solvating
capacities constitutes the few existing exceptions.145-146 The
relative extraction abilities of these extractants are determined
by the form in which the complexes extracted exist, the latter
depending on the nature of the acid and the diluent.145-146 For
example, in the extraction of moderately strong acids (HNO3) in
weakly solvating diluents (heptane, CCU, benzene), hydro-
gen-bonded complexes are formed for both extractants, their
extraction constants being higher for TPPO than for 2-NPO. In
more strongly solvating diluents (chloroform, 1,2-dichloro-
ethane), the state of the complex with TPPO does not change
whereas the complex with 2-NPO exists as an ion pair. Owing to
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the increased solvation of the ion pair by the diluent, the
extraction constants for 2-NPO are higher than those for TPPO.

For bidentate extractants (diphosphine dioxides and carba-
moylphosphine oxides), the influence of the diluent proved very
strong (see, for example, Fig. 26). When chloroform, which
interacts with the reaction centres of BDNOPC is used, the
degree of extraction is reduced, as in the case of monodentate
extractants. However, when a polar diluent (dichloroethane),
which reacts weakly with oxygen, is employed, a marked increase
(almost by two orders of magnitude) in the degree of extraction is
observed. Apparently dichloroethane reacts with the complex
(possibly with the protons of the methylene group83), which, as
stated above, leads to an increase in the degree of extraction.
When different substituents are introduced into the methylene
bridge of methylenediphosphine dioxides and carbamoylmethyl-
phosphine oxides in place of one of the hydrogen atoms, not only
does the degree of extraction diminish and the AAS disappear, but
the influence of diluents is also significantly weakened.147 Appar-
ently diluents do indeed interact with the bridge protons83 and
their acidity falls sharply on substitution.

We may note that diluents capable, like chloroform, of
reacting with the reaction centres and of blocking them may
alter qualitatively the dependence of EA on the extractant
structure. If this dependence is described by Eqn (4) and the
extractant-diluent interaction constant (Ĵ Ld) is described by a
similar equation but with other values of the coefficients A' and B',
the following equation is valid:

= lg J^- = A - A! + (B - B')T.X, (15)

where Ko is the extraction constant in the absence of interaction of
the extractant with the diluent. If El > B, the dependence of igK
on J.X may change sign, which is in fact observed in the extraction
of tetravalent and hexavalent actinides by methylenediphosphine
dioxides when dichloroethane is replaced by chloroform
(Fig. 20 a).

XIV. Examples of the development of new
extractants
The regularities described above were used to solve two problems
of practical importance in the radiochemical technology.

1. Improvement of the first principal extraction cycle in the
regeneration of spent fuel from atomic power plants.
Development of an extractant as a substitute for tributyl
phosphate
Tributyl phosphate, which is widely used in the radiochemical
technology, has optimal extraction properties. It extracts uranium
and plutonium very effectively and there is no need for salting-out
agents. The second essential operation — back-extraction (strip-
ping) of the above elements — is also carried out comparatively
readily if TBP is used; here there is no need for the introduction of
additional reagents and it is sufficient to alter the acidity and the
temperature of the medium. However, TBP suffers from a series of
disadvantages. The main one is the comparatively low solubility of
plutonium disolvated by TBP in saturated hydrocarbons. For
30% solutions of TBP in alkanes (with a hydrocarbon chain
length tic = 12-14) at room temperature, the solubility exceeds
only slightly 30 g litre"1 in terms of plutonium. Therefore, in the
processing of mixed uranium-plutonium fuel with a high pluton-
ium concentration and also in the refining of plutonium, there is a
risk of the formation of a second organic phase and danger of
inadmissible process perturbations (in particular, the loss of
nuclear safety). Furthermore, TBP is comparatively readily
soluble in the aqueous phase, which leads to loss of the extrac-
tant, and in refining it can lead to contamination of the product
with phosphorus.

In the search for new extractants (taking into account the
results described above), it was endeavoured to retain the extrac-
tion ability at the level of that of TBP but at the same time to alter
the physical properties of the extractant.

It has been shown that EA changes markedly following a
change in the chemical nature of the substituents in the extractant
molecule and only slightly when the hydrocarbon chain is altered.
Consequently, it is necessary to retain the chemical nature of the
substituents, i.e. to employ trialkyl phosphates (if phosphonates,
even those containing only the electronegative phenyl substituent,
are used, difficulties arise with back-extraction). On the other
hand, the physical properties may be 'regulated' by optimising the
hydrocarbon chain — by increasing its length and by employing
branching (this lowers the tendency towards polymerisation,
improves compatibility with diluents, and at the same time lowers
the solubility in the aqueous phase).

In accordance with these recommendations, the extraction
properties of certain trialkyl phosphates, in which the overall
length of the hydrocarbon chain varied from 12 (TBP) to 21
(triheptyl phosphate), were investigated. Triisopentyl phosphate
(TIPP, n c = 15) and diisobutyl isooctyl phosphate (DIBIOP,
n c = 16) proved to be best.148"150

The use of TIPP solves the problem of the extraction of
plutonium from concentrated solutions, because a second
organic phase is not formed even after the complete saturation
of the extractant by plutonium. On the other hand, if one goes
over to DIBIOP, i.e. the hydrocarbon chain is increased by one
more atom, then the second organic phase is ruled out also in the
presence of thorium nitrate (Fig. 34). The distribution coefficients
differ little from one another when TIAP, TIBIOP, and TBP are
used (Fig. 35) and the rates of phase separation are comparable.
An advantage of both extractants is reduced (by a factor greater
than 10) solubility in the aqueous phase, which diminishes the
contamination of the products with phosphorus subject to the
condition that mechanical losses have also been eliminated.

Triisopentyl phosphate and diisobutyl isooctyl phlosphate
have undergone successful tests on the highly irradiated fuel (100
GW d t " •) in fast reactors (the activity of the solutions was up to
103 Ci litre"1 and the concentration of plutonium was up to
30 g litre"1). The risk of radiation damage to the extractant was
prevented by employing centrifugal extractors with a short phase
contact time.

The parameters of the extraction and purification of valuable
components were better than in the case where TBP was employed
(including its use on a cascade of mixing-settlers).151 Under the

/g litre"
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50 100 200 xTh /g litre-1

Figure 34. Isotherms for the extraction of thorium by 30% TBP (1), 33%
TPAP (2), and 35% diisobutyl isooctyl phosphate (DIBIOP) (3) in
n-tetradecane.
Concentration of extractant in n-tetradecane (%): (1) 30, (2) 33, (3) 35;
A -region corresponding to separation into two phases.
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Figure 35. Dependence of the distribution coefficients of Pu(IV) (/, 2) and
U(VI) (5-5) on acidity in extraction by solutions of TBP (/, 4), TPAP
(2, 5), and DIBIOP (2, 3) in n-tetradecane.

supervision of Nikiforov, Zakharkin, Smelov, and others, triisoa-
myl phosphate has been used successfully, instead of TBP, on an
industrial scale under factory conditions for the regeneration of
the spent fuel from water-water power reactors (more than
100 m3 of the 33% extractant in a hydrocarbon diluent was
employed).152"154 As expected, the new extractant did not
introduce negative aspects into the technology: the uranium,
plutonium, and neptunium separation factors as well as the
decontamination coefficients from radionuclides characteristic
of systems with TBP were consistently reproduced. At the same
time, it made it possible to reduce appreciably (by a factor of 1.5)
the losses of the extractant. This effect is more pronounced if the
mechanical loss of the organic phase, which is the same for TIPP
and TBP, is eliminated. The employment of TIPP in the refining
extraction of plutonium fundamentally expanded the technolog-
ical possibilities in this stage of the process: the degree of
concentration of plutonium was increased and the monitoring of
its accumulation in different stages within extractors was simpli-
fied.

2. Extractants for the deep extraction of transplutonic
elements front radiotechnological waste
Monodentate organophosphorus extractants (even the strongest
phosphine oxides, for example, TOPO) are relatively unsuitable
for the extraction of transplutonic elements from waste. When
TBP is used, it is necessary to introduce a salting-out agent,while
phosphine oxides extract americium effectively, but only at a low
acidity (up to 0.3 M)155 and their use requires the neutralisation of
the solution. The decrease in the degree of extraction with increase
in acidity is associated with the competition by nitric acid for the
free extractant: the nitric acid extraction constant is high and the
concentration of the free extractant is inversely proportional to it.

Thus an extractant with an increased EA in relation to
trivalent actinides and at the same time with a reduced EA in
relation to HNO3 is needed. Surprisingly, these seemingly incom-
patible requirements can be met by employing the unusual
properties of the bidentate organophosphorus compounds —
methylenediphosphine dioxides and carbamoylmethylphosphine
oxides. Indeed, when electronegative aryl substituents are intro-
duced into the molecules of these compounds, an AAS effect is
observed and the extraction of americium and other actinides,
involved in bidentate coordination, is enhanced; at the same time,
these substituents supprees the extraction of HNO3, which is
involved in monodentate coordination. As a result, a double gain
is achieved (Figs 16 and 17): the distribution coefficients of
americium increase (compared with the distribution coefficients

0 2 4 6 JCHNOJ /mol litre""1

Figure 36. Dependence of the distribution coefficient of Am(III) on
acidity in extraction by solutions of 2Tol2Ph (7) and Tol2/Bu2 (2) in
trichlorobenzene. Concentration of lanthanides in the aqueous phase
10 g litre" •; concentration of the extractant in the organic phase 0.3 M.

when phosphine oxides are used) by 3 - 5 orders of magnitude and
a possibility is created for extensive extraction of the actinides
from solutions of any acidity without any kind of preparation of
the latter.

The extractants recommended in Refs 156 and 177 — carba-
moylphosphine oxide and diphosphine dioxides — have under-
gone a successful test in the processing of the highly irradiated fuel
mentioned above (the activity of the initial aqueous solution
was ~ 103 Ci litre"1).151 The distribution coefficients are pre-
sented in Fig. 36. (In order to simulate the conditions in the
extraction from the vaporised refined product in the first cycle,
10 g litre"1 of lanthanides was introduced into the aqueous
phase.)

The above developments are protected by patents.148-156
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Abstract. The literature data on the electrochemical synthesis of
phosphorous acid and phosphoric acid esters from elemental
phosphorus are surveyed. The possible mechanisms of the
electrode processes are discussed. The procedures for the employ-
ment of electrolysis in the preparation of various derivatives of
phosphorous acid esters are examined. The bibliography includes
63 references.

I. Introduction
The syntheses of phosphorus-containing compounds based on
elemental phosphorus have become important because they make
it possible to reduce significantly the amount of industrial waste
compared with the classical methods employing phosphorus
chlorides. The review of Dorfman et al.1 published in 1993
contains information about the chemical methods for the syn-
theses of phosphorus-containing compounds from elemental
phosphorus, but electrochemical methods are not considered
although numerous studies demonstrating that this aspect is
promising have been published during the last decade. It has
been established that phosphorus exhibits an electrochemical
activity in both anodic and cathodic processes. This make it
possible to obtain various phosphorus-containing compounds in
a single stage and under mild conditions. Electrochemical meth-
ods have been used successfully also for the syntheses of various
phosphorous acid esters. Although in many cases the details of the
mechanisms of the electrode processes occurring remain obscure,
the synthetic possibilities of the electrochemical methods are
evident. The aim of the present review is to survey the experi-
mental data which have accumulated hitherto in this field.

II. Syntheses based on the anodic oxidation of
phosphorus
It has been found that in alkaline and acid solutions white
phosphorus gives rise to a distinct oxidation wave at a carbon
paste anode at a potential of 1.08 V.2 According to coulometric
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measurements, between 12 and 16 electrons are consumed in the
oxidation of a phosphorus molecule in acid solutions. On these
grounds, it is concluded that the anodic oxidation of phosphorus
results in the formation of a mixture phosphoric and phosphor-
ous acids. In an alkaline medium, the process is complicated by the
oxidation of PH3 — the product of the interaction of phosphorus
with water.

The development of a process for the preparation of phos-
phorous acid by oxidising a suspension of white phosphorus in the
presence of hydrogen halide solutions constitutes an interesting
attempt at the practical employment of the anodic oxidation of
phosphorus.3 The best yield of phosphorous acid is attained in the
presence of hydriodic acid. Hydrobromic acid yielded somewhat
poorer results. It is postulated that the anodic process includes
several stages: the generation of the free halogen, the interaction of
the latter with phosphorus, and finally the hydrolysis by water of
the phosphorus trihalide formed in the second stage to phosohor-
ous acid.

3Hal- —*• 3Hal* + 3e,
P + 3 H a l # — - PHal3,
PHal3 + 3H2O —*- H3PO3 + 3HHal,

P+3H2O H3PO3 + 3H++3e.

The hydrogen halide is not consumed in the process but acts as a
homogeneous catalyst. It is recommended that a two-phase
electrolyte, constituting a mixture of water and benzene, be
employed.

This method makes it possible to obtain only relatively dilute
solutions of phosphorous acid, since the accumulation of the acid
during electrolysis leads to its partial oxidation to phosphoric
acid. Furthermore, the phosphorous acid formed contains a small
admixture of the hydrogen halide, the complete elimination of
which is difficult.

The direct synthesis of phosphoric acid is of much greater
interest. The possibility, in principle, of obtaining phosphoric acid
esters by electrolysing suspensions of red phosphorus in an
aliphatic alcohol was first demonstrated by Varshavskii et al.4

The electrolysis was carried out in a diaphragm-free electrolyser
with an anode and cathode made of graphite. During electrolysis,
the solution containing a suspension of red phosphorus in a
aliphatic alcohol was saturated with dry hydrogen chloride. It
was noted that the change in current density in the range from 400
to 1000 A m~2 and at temperatures from 20 to 50 °C hardly
affects the yield of trialkyl phosphates. It is suggested that the
overall anodic oxidation process proceeds in accordance with the
equation
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P + HC1 + 4ROH ^-+- (RO)3PO + 2.5H2 + RC1.

However, the amount of alkyl chloride isolated proved to be much
smaller than might have been expected from the above equation.
The following phosphoric acid esters have been obtained by this
method:

Ester (MeO)3PO (EtO)3PO (BuO)3PO (C5HnO)3PO
Yield (%) 77.5 55.0 88.3 83.1

Subsequently, the direct synthesis of alkyl phosphates was
investigated at a greater depth. The reports that other transfer
catalysts have been used instead of hydrogen chloride merits
attention. Thus the employment of copper(II) chloride as the
transfer catalyst has been described.5

It was shown that G1CI2 oxidises white phosphorus:

P4+16ROH+20CuCl2 4(RO)3PO + 20CuCl + 4RC1 +16HC1.

The anodic process reduces to the regeneration of G1CI2 by the
oxidation of copper(I) chloride. The introduction of HC1 lowers
the yield of trialkyl phosphate and promotes the formation of a
dialkyl phosphite. The electrolysis is carried out in an electrolyser
with a diaphragm and, in order to increase the solubility of
phosphorus, toluene-alcohol mixtures and not pure alcohol are
used. Under optimum conditions [current density
(2-6) x 10- 3 A cm ~2, CuCl2: P4 > 20], the yield of alkyl phos-
phates is nearly quantitative. One cannot rule out the possibility of
the formation in this process of copper phosphide as an inter-
mediate, since it has been reported that triethyl phosphate has
been obtained in a high yield by the anodic dissolution of copper
phosphide in ethyl alcohol.6

The anodic oxidation of a suspension of white phosphorus in
an acetonitrile-alcohol mixture in the presence of tetrabutyl-
ammonium iodide as the supporting electrolyte has been studied
in detail.7"10

Interesting studies have been carried out by Romakhin et al.,10

who followed the changes in the outward appearance of the
catholyte. It was noted that, soon after the current has been
switched on, the state of the white phosphorus changes. It is
converted into a dark-yellow deposit with a high phosphorus
content, which is insoluble in organic solvents. It is postulated that
oligomeric structures are formed in this stage, decomposing in the
course of electrolysis (Fig. 1).

This accounts for the low rate of formation of monomeric
phosphorus-containing products at the beginning of the electrol-
ysis, the rate increasing significantly towards the end of the
process.

It has been found that, under the conditions of diaphragm
electrolysis, alkyl phosphates are formed only in an insignificant
yield and the presence of trialkyl phosphites was also detected.

Gprod/Ah-'

1 4 Stot/Ah-

Figure 1. Dependence of the amount of electricity (gprod) consumed in
the formation of triethyl phosphite on the total amount of electricity (Qtot)
in the electrolysis of a suspension of phosphorus in acetonitrile in the
presence of ethanol.10

The diaphragm-free electrolysis,8 where the trialkyl phosphate is
formed with participation of both the cathodic and anodic
reactions, proved to be more effective.

After the theoretical amount of electricity has been passed,
more than 95% of the phosphorus taken is converted into
monomeric products. In the electrolysis of a suspension of white
phosphorus in the aliphatic alcohol-acetonitrile-tetrabutyl-
ammonium iodide system, dialkyl alkylphosphonates
(RO)2P(O)R and dialkyl phosphites (RO)2P(O)H are formed in
addition to trialkyl phosphates. The yield of the former depends
significantly on the electrolysis conditions, particularly on the
presence of moisture.11 Unfortunately, the mechanism of this
reaction is not discussed in the above study.11 Thus, in the
electrolysis of a suspension of white phosphorus in the presence
of ethanol at 18-25 °C and a current density of 5 A cm- 2 , the
following dependence of the yield of the electrolysis products on
the water content in the reaction mass was obtaned:

H2O: P4 (in moles)

In the absence of water
0.255
0.328
1.000
3.125

Yield (%)

(EtO)3PO

81.1
73.0
70.1
72.5
50.1

(EtO)2P(O)H

8.9
13.8
18.8
27.0
17.4

Thus an increase in the water content lowers appreciably the
yield of trialkyl phosphate. In the absence of water, the electrolysis
of white phosphorus in the alcohol-acetonitrile-tetrabutylam-
monium iodide system is accompanied by the formation of a
mixture of phosphoric acid esters,8 the yield of which varies as a
function of the nature of the alcohol.

Alcohol Yield with respect to phosphorus (%)
(RO)3PO (RO)2P(O)H (RO)2P(O)R

MeOH
EtOH
BuOH

70
69
66

11
9
7

3
14
15

The yields quoted were not obtained under optimum condi-
tions and can be improved when the process is optimised.

The employment of tetraalkylammonium iodides as the
supporting electrolytes has the advantage that the alkyl iodide
formed during electrolysis is reduced at the cathode, affording the
corresponding hydrocarbon and generating the supporting elec-
trolyte at the same time. Ultimately, the overall process scheme
may by formulated as follows:

P4+16ROH 20F 4(RO)3PO + 4RH + 6H2.

This method is inapplicable to the synthesis of triaryl phos-
phates, because phenol and its derivatives interact with phos-
phorus under these conditions, giving rise to a mixture of triaryl
phosphates and triaryl phosphites.12

Alcohol Yield with respect to phosphorus (%)

(ArO)3PO (ArO)3P

PhOH
0-MeC6H4OH
p-ClCsKUOH

20
32
32

46
38
11

The process is accompanied by the passivation of the anode.
The addition of pyridine eliminates the passivation, but in this
case the main product of the elecrolysis becomes the triaryl
phosphite. Thus in the presence of pyridine the yield of P(OPh)3
increases to 78%, whilst that of (PhO)3PO remains 20%.

The question of the mechanism of the formation of trialkyl
phosphates in the electrolysis of a suspension of phosphorus in the
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presence of an aliphatic alcohol and a halide salt merits separate
consideration.

According to Budnikova et al.," the first step in the electro-
chemical process is the reduction of an alcohol molecule at the
cathode and the formation of alkoxide ions.9

ROH + e —*- RO~+|H2 .

The P - P bond in the phosphorus molecule is ruptured by the
alkoxide ions generated at the cathode (in the presence of a large
excess of phosphorus, there is a possibility of the formation of
polymeric structures) and the resulting ROP4 anion is protonated
and subsequently interacts with the alkyl hypoidite generated at
the anode:

p
P-I^P + RO-

P

P 1~
(Pp-OR ^

P J
P

HP^POR,
NP

I - —+• I" + e,

2F + ROH—* . HI + ROI,

(RO)P4H - ^ ( R O ) P 4 ( O R ) .
— HI

Subsequent alkoxylation ultimately leads to a full phosphor-
ous acid ester, which is oxidised to an alkyl phosphate at the
anode. On the basis of the above considerations, a mechanism has
been proposed for the possible processes occurring during
electrolysis in a single-solution electrolyser of alcoholic solutions
of tetrabutylammonium iodide in the presence of white phos-
phorus:11

(RO)3P

HI I - RI

(RO)2PHO

(RO)3PO.

In the case of phenols, a triaryl phosphite is formed in the first
stage of the electrolysis. It reacts with the iodide and phenol
generated at the anode, affording a pentaphenoxyphosphorane;
the latter is partly converted into a triaryl phosphate at the
anode:12

(PhO)3P (PhO)3PI2
HI

(PhO)5P (PhO)3PO.

The above data demonstrate that the electrolysis of a suspen-
sion of phosphorus in aliphatic alcohols (when halide salts are
used as the supporting electrolyte) may be regarded as a way of
obtaining phosphoric acid esters, bypassing the stage involving
the formation of phosphorus halides. In the study of the forma-
tion of alkyl phosphates, the cathodic activation of white
phosphorus and the possibility of the anodic oxidation of
phosphites to phosphates were observed. These two possibilities
merit independent consideration.

III. Cathodic activation of phosphorus

As already mentioned, the electrochemical synthesis of trialky!
phosphates from white phosphorus may be achieved with a
satisfactory yield only in an electrolyser without a diaphragm,
i.e. the cathodic process plays in this case a significant role,
inducing the activation of phosphorus molecules.

The formation of active phosphorus species in chemical
processes has been frequently discussed in the literature. For
example, in a study of the reactions of elemental phosphorus
with electrophiles in a highly basic medium, it was suggested that
the P - P bond is ruptured by the base:13

Pn + OH- —*. p;_, + POH.

Phosphorus is also activated by amines.M Thus in the presence
of triethylamine, white phosphorus reacts with epoxyethane.

The high reactivity of red phosphorus in the presence of
copper halides has also been explained by the dissociation of the
P - P bond:15

P
P ^

P
+2CuCl + 2Cl-.

We shall now consider the possible paths leading to the
activation of white phosohorus molecules in cathodic processes.

White phosphorus is known to be electrochemically active and
gives a wave in the region of — 1.90 V.16 The process involves the
transfer of 12 electrons to the P4 molecule and the final reduction
product is phosphine.17'18 However, in a study of the electro-
chemical reduction of a suspension of white phosphorus in 50%
acetic acid (with addition of potassium acetate in order to increase
the electrical conductivity), it was noted that part of the phos-
phorus (12.3%) in the cathodic compartment is converted into
phosphorus acids. Thus, phosphorous, hypophosphorous, and
orthophosphoric acids were detected among the reaction products
in proportions of 45:55:5 by weight.19 Particular experiments
demonstrated that white phosphorus does not react with the
catholyte.

Another interesting fact was observed in the electrochemical
reduction of a suspension of withe phosphorus in an acid solution
at a lead cathode.20 In the first instants of the electrolysis, gaseous
products are hardly evolved at the cathode (Fig. 2), the joint
evolution of hydrogen and phosphite being observed only after
some time. The yield of phosphine increases sharply, exceeding
100% relative to the amount of electricity passed through the
system. As phosphorus is consumed, the yield of hydrogen
increases and reaches the theoretical value. This experiment
demonstrated that involatile phosphorus compounds are formed
initially and are converted during electrolysis into phosphine.

There are different views on the nature of the active phos-
phorus species formed initially at the cathode. The formation of
partly hydrogenated phosphorus molecules, arising in the course
of its reduction, appears most probable. For example,

4 - - •<!>- •<>-».

Another path, involving the generation of nucleophilic species
in the cathodic compartment, is also possible. For example,

P ^ P +OH-
P

p
|
P

Yield with respect to current (%)

100

50

10 15

Figure 2. The formation of phosphine (/) and hydrogen (2) in the
electrolysis of a suspension of phosphorus in sulfuric acid solution.20
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The radical species produced in both cases can give rise, in the
presence of an excess of phosphorus, to polymeric structures of the
type

where X = H or OH. Such structures are usually formed in the
first stage of the electrolysis.

The example of the reduction of phosphorus at a lead cathode
described above agrees well with the first mechanism, according to
which higher phosphorus hydrides are formed initially, whereas
the formation of phosphorus acids in the cathodic compartment
would be more logically explained on the basis of the second
mechanism. This mechanism also demonstrates the role of the
cathodic process in the synthesis of trialkyl phosphates. One may
postulate that the mechanism of the activation of phosphorus
depends on the electrolysis conditions and principally on the
material on the cathode. On metals with a high hydrogen over-
potential, the reduction of P4 and the formation of lower
phosphorus hydrides (the first mechanism) are more likely,
whereas on metals with a low hydrogen overpotential the activa-
tion of phosphorus by the nucleophile generated at the cathode is
more probable. In particular, in the preparation of trialkyl
phosphates, phosphorus is activated by the alkoxide ions formed
at the cathode.

The electrochemical activation of phosphorus molecules may
be used for various synthetic purposes. For example, the possibil-
ity of obtaining phosphites by the electrolysis of a suspension of
red phosphorus in an aqueous solution of ethylenediamine has
been demonstrated.21 The phosphite is formed in the cathodic
compartment of the electrolyser, the yield with respect to the red
phosphorus taken amoung to ~40%. Under the same conditions
but in the absence of ethylenediamine, the only product of the
reduction of red phosphorus is phosphine.22 Since phosphorus
does not react chemically in a aqueous solution of ethylenedi-
amine, it remains to postulate that phosphites are formed as a
result of the interaction of electrochemically activated phosphorus
molecules with water. When this process is carried out in an
electrolyser with a platinum anode but without a diaphragm, the
yield of the phosphite increases slightly.23 This shows that the
phosphite is formed exclusively from cathodically activated
phosphorus.

The formation of organophosphorus compounds in the
electrolysis of suspensions of white phosphorus in aprotic sol-
vents in the presence of alkyl halides24-25 and unsaturated
compounds26 can apparently be also accounted for by the
cathodic activation of phosphorus. In all cases, the formation of
the corresponding phosphines was observed. For example, the
electrolysis of a suspension of white phosphorus in acetonitrile in
the presence of styrene afforded a series of compounds, the main
one being the monosubstituted phosphine PI1CH2CH2PH2 (26%).
The other reaction products were the di- and tri-substituted
phosphines (PhCH2CH2)2PH (0.5%) and P(PhCH2CH2)3
(2.5%) and also the diphosphine [(PhCH2CH2)2P]2 (1.0%).26

In the presence of alkyl halides, tertiary phosphines are
formed preferentially, reacting with the excess alkyl halide to
form quaternary phosphonium salts:

3RI+P * R3P (R4P)I.

TV. Anodic oxidation of phosphrous acid and
electrochemical syntheses based on it
Free phosphorous acid in 0.5 N H2SO4 gives rise to a distinct
oxidation wave at a potential of + 0.52 V relative to the saturated
calomel electrode (s. c. e.) at a palladium electrode.27 It is
suggested that under these conditions phosphorous acid is
oxidised via a catalytic dehydrogenation mechanism:M

H3PO3 + Pd ^=±= H2PO3 + Pd(H),

Pd(H) ^ i H + + Pd + e,

2H2PO3 + H2O = 5 ^ H3PO4 + H3PO3.

Orthophosphoric acid is the product of the oxidation of
phosphorus acid. At a platinum anode in an alkaline medium,
the oxidation taken place with a current yield of ~40%.29>3° The
addition of potassium iodide to the solution increase the yield of
orthophosphoric acid to 66%.3I At a graphite anode in the
presence of 0.5 N HC1, phosphorous acid is oxidised fairly
effectively, but this requires the passage of 180% of electricity
relative to the theoretical amount, whereupon phosphorous acid is
almost fully oxidised (97%).

In an alkaline solution, the oxidation takes place effectively
even at a nickel anode, but a fully defined ratio of disodium
hydrogen phosohite and sodium hydroxide is then necessary. The
optimum ratio disodium hydrogen phosphite: sodium hydr-
oxide = 1.6:1.0 makes it possible to attain a degree of oxidation
of 99% with a current yield of 43%. The process can be carried out
also in a diaphragm-free electrolyser, since the losses in reduction
do not exceed l % - 3 % . 3 2

The sodium salts of phosphorous acid are polarographically
active. Thus sodium dihydrogen phosphite has a reduction wave
with £1/2 = -0.605 V (n = 0.4), wherease disodium hydrogen
phosphite has one with £1/2 = -0.42 V (n = 0.7).33 Unfortu-
nately the nature of these waves has not been discussed.33

In an aqueous solution, the product of the electrochemical
reduction of phosphorous acid is phosphonous acid:34

H3PO3 + 2H + +2e H3PO2 + H2O.

The formation of phosphine has also been observed.32

Electrochemical synthesis based on acid phosphite esters
merits separate consideration. The characteristic features of their
electrochemical behaviour are determined by the equilibrium

(RO)2POH = ^ (RO)2P(O)H,

which is almost fully displaced towards four-coordinate phos-
phorus.

In the accessible range of potentials, dialkylphosphorous acids
are not oxidised,35 but in aprotic media they give rise to a
reduction wave at transition metal cathodes.36 Thus, in aceto-
nitrile in the presence of quaternary ammonium salts as support-
ing electrolytes, dimethyl phosphites have the following reduction
potentials (in V) at different cathodic materials:

Phosphine Pt Ni Fe Cu

(MeO)2P(O)H
(EtO)2P(O)H

1.88
1.89

1.90
2.06

2.00

2.04

It is suggested that the cathodic process leads to the formation
of anions, since the evolution of hydrogen is observed at the
cathode:

(RO2)P(O)H + e —+• [(RO)2PO]- + ^H2.

Four-coordination of the phosphorus atom in the anion is
indicated by the finding that diaphragm-free electrolysis with a
soluble anode leads to dialkyl phosphite salts with a
metal-phosphorus bond.36 In this case, the anodic process
consists in the dissolution of the anode material and its transition
to an ionic state:

M M"++ne.

The interaction of the phosphite anions generated at the
cathode with the metal cations leads to the formation of salts:36> 37

n[(RO)2PO]- + M'I+ —*- [(ROhPOkM.

The formation of the corresponding platinum salt has been
described in a study 37 where a platinum electrode was employed.
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In aqueous solutions of alkali metal halides, dialkyl phos-
phites are oxidised to dialkyl phosphates at a graphite anode:38-39

(RO)2P(O)H
H2O (RO)2P(O)OH + 2e + 2H + .

The oxidation is carried out at a current density not exceeding
0.01 A cm- 2 and a temperature of 30-35 °C. The yield of
phosphates is 75%-80%. In the electrolysis of lower dialkyl
phosphites (Alk = C1-C3), the process is accompanied by par-
tial hydrolysis with formation of monoalkylphosphoric acids.

In the electrolysis of an aqueous solution of dialkylphospho-
rous acid with an aluminium anode, aluminium alkyl phosphate
was obtained in a yield of 90% - 9 5 % : «°

3(RO)2P(O)H + Al + 3H2O
5F

H

R O P O _J_ Al + 3ROH + 1.5H2.
II
O

This process was used as a basis for the industrial preparation
of the Russian-produced systemic fungicide EFAL'-50.4I The
technological scheme is significantly simplified as a result of the
employment of a diaphragm-free electrolyser fitted with alumi-
nium elctrodes. The electrolysis is carried out with an alternating
current at a frequency of 50 Hz.42

The aluminuum salt can be obtained similarly from methyl-
phosphonic acid.43

The electrolysis of dialkyl phosphites in a nonaqueous
medium using an insoluble graphite anode leads to a complex
mixture of products, more than 60% of which comprises tetra-
alkyl pyrophosphate (RO)2P(O)OP(O)(OR)2.

44 The mechanism
of its fromation is not clear. It has been suggested that, since
hydriodic acid is used as supporting electrolyte, the acyl iodide
formed at the anode reacts with water, giving rise to a dialkyl
phosphate; the latter reacts with a second acyl iodide molecule:45

(RO)2PI

4
H2o (RO)2POH + HI,

O O

(RO)2POP(OR)2

O O

However, from our point of view this mechanism is unlikely,
since the use of even thoroughly dried acetonitrile does not lower
the yield of pyrophosphate. A similar reaction occurs in the
electrolysis of acetonitrile solutions of alkyl alkylphosphonates,
leading to the formation of dialkyl dialkylpyrophosphonates
(RO)RP(O)OP(O)R(OR).44 Data on the electrosynthesis of
pyrophosphates and pyrophosphonates from phosphorous acid
esters are presented below (the mechanism of this reaction has not
been investigated):

(RO)2POP(OR)2

O O

R
Yield/103 mol A - ' h - '

(RO)MePOPMe(OR)

Et
12.2

Pr"
11.1

Bun

11.0

R Et Pr Prj Bu Bu! n-C5H,, iso-C5H,i
Yield/103 mol A - ' h - 1 12.3 8.8 11.6 7.9 10.4 6.3 10.1

(RO)EtPOPEt(OR)

Yield/103 mol A -
ISO-C3H7
11.2

iso-C4Hg
10.2

Although, as already mentioned, the acid phosphite esters
themselves do not undergo anodic oxidation, they react readily
with the halogens generated at the anode, forming reactive acyl

halides. This reaction has been used successfully for the synthesis
of compounds with P - N , P - S , and P - O bonds. The possibility
of the electrochemical formation of the P - C bond was later
demonstrated.

The overall mechanism of the electrochemical phosphoryla-
tion reactions of organic compounds can be represented as
follows:

O
R2NH

(RO;

o

•A R'SSR'

Nal
(RO)2PNR2

O

•*- (RO)2PNHC(S)NR2

O

R'OH

R'Hal

i)2PSR'

O

i)2POR'

O

i)2PR'

We shall examine these reactions in greater detail.

1. Synthesis of amidophosphates
The formation of amidophosphates in a high yield has been noted
in the electrolysis of acetonitrile solutions of dialkyl phosphites
containing an alkali metal iodide as the supporting electrolyte to
which a secondary amine has been added. The process is carried
out in a diaphragm-free electrolyser with platinum electrodes. The
yields of the amidophosphates as a rule exceed 75%. For example,
when dimethyl phosphite was coupled with dipropylamine, the
yield of the amidophosphate was 76%, while the yields in the
reactions with dibutylamine and morpholine were 83% and 80%
respectively.46

The most probable reaction path involves the anodic iodina-
tion of the phosphite:

(RO)2P(O)I + HI + 2e,

t- (RO)2P(O)NR2

(RO)2P(O)H + 2I - -

(RO)2P(O)I + R2NH

An alternative path involving the anodic iodination of the
amine is also possible:

R2NH + 2I —k~ R2NI + 2e.

The iodoamine formed as a result of this reaction reacts
subsequently with the phosphite:

On the basis of voltammetric measurements and quan-
tum-mechanical calculations, preference is given to the first
path.47

This reaction has been used successfuly for the phosphoryla-
tion of various alkaloids. For example, cytisine has been phos-
phorylated electrochemically:

OR

NH

.N.

(RO)2P(O)H,2I-

- 2 e , - 2 H I *

N—p;

.N. o
OR

O

The reaction was carried out in the presence of tetraethyl-
ammonium bromide with added free iodine as the supporting
electrolyte. The following yields of the phosphorylation products
were obtained depending on the nature of R: **
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R

Yield (%)

Me

53

Et

84

Pr

78

Pr1

73

Bu

70

L-Ephedrine,49 lupinine,50 pyrazidol,51 salsolidine,52 and
anabasine 48> 53 have been phosphorylated in 85% - 9 1 % yields.

The phosphorylation of anabasine is represented by the
following overall equation:

-2e, -2HI <±-s) H

The yield of the phosphorylated product depends on the nature of
the group R:

R Me Et Pr" Pr'

Yield (%) 79.0 91.2 86.4 86.0

Bun

87.1

In the phosphorylation of quinine, it was established that the
hydroxy-group is initially oxidised to the carbonyl group with
formation of the corresponding quinone, which is then phos-
phorylated to the a-hydroxyphosphonate.54

As already mentioned, the phosphorylation of amines takes
place with iodine as the transfer catalyst. Other halogens proved
to be appreciably less effective. Thus the following dependence of
the yield of the target product on the nature of the halogen-
containing additive has been obtained in the synthesis of the
diethylamide of ethylphosphorous acid:14

Additive h Nal NaBr NaCl

Yield (%) 94 92 36

It is of interst to note that lupinine is most effectively
phosphorylated in the presence of crown-ethers to which lithium
chloride has been added.50 The presence of surfactants has
apparently a favourable effect on the process.

2. Synthesis of thioamides
If during the electrolysis of acetonitrile solutions of dialkyl
phosphites in the presence of secondary amines ammonium
thiocyanate is used instead of sodium iodide, the nature of the
products changes significantly. The synthesis of
iV-phosphorylated thioamides has been observed. Cyclic voltam-
metric data and quantum-mechanical calculations have shown
that the most probable mechanism for the simplest dimethyl
phosphite-dimethylamine system involves the interaction of the
phosphite with the iodine thiocyanate formed at the anode:55

(MeO)2P(O)H + 2CNS- — » (MeO)2P(O)NCS + HCNS + 2e.

The thiocyanato-derivative obtained as a result of this reac-
tion then reacts with the amine, affording iV-phosphorylated
thioamides:

(MeO)2P(O)NCS + Me2NH (MeO)2P(O)NHCNMe2.J»
This reaction has been used successfully for the phosphoryla-

tion of ephedrine alkaloids. The corresponding phosphorylated
thioamides were obtained in 48%-53% yield. The phosphory-
lated quinine and lupinine thioamides are formed in approxi-
mately the same yield.56

3. Synthesis of thiophosphates
The electrochemical generation of the halogens makes it possible
to achieve the coupling of dialkylphosphorous acid with disul-
fides, which results in the formation of compounds with a P - S
bond. The following process mechanism has been proposed on the
basis of polarisation measurements for the initial components:

(RO)2P(O)H + 2Br- —»- (RO)2P(O)Br + HBr + 2e,

(RO)2P(O)Br + R'SSR' — - (RO)2P(O)SR' + R'SBr,

(RO)2P(O)H + R'SBr —»- (RO)2P(O)SR'-

Best results were obtained in the presence of bromide salts; the
reactions with other halides are less successful (see, for example,
Torii et al.45):

Additive Nal NaBr NaCl

Yield of (EtO)2P(O)SPh (%) 73 91 59

The coupling of diethyl phosphite with diphenyl disulfide is
carried out in an electrolyser without a diaphragm, which maked it
possible to obtain coupling products with entirely satisfactory
yields. For example, in the coupling of dimethyl phosphite with
diphenyl disulfide, dibenzyl disulfide, and bis(ethoxycarbonyl-
methyl) disulfide, the yields of the coupling products were 61%
71%, and 75% respectively.

4. Synthesis of trialkyl phosphates
The anodic oxidation of dialkyl phosphites in an alcoholic
solution in the presence of chloride ions makes it possible to
obtain trialkyl phosphates in high yields.57 It has been suggested
that in the first stage the phosphite undergoes anodic chlorination
to the acyl chloride, which then reacts with the alcohol, affording
the corresponding trialkyl phosphate:

(RO)2P(O)H + 2C1- -

(RO)2P(O)C1 + R'OH

(RO)2P(O)Cl + HCl + 2e,

>-(RO)2P(O)(OR') + HCl.

This method made it possible to obtain phosphoric acid esters
with various substituents. Although the yield of the esters
synthesised in this way is somewhat lower than in the syntheses
examined previously, the method is nevertheless preparatively
important. Thus, when dimethyl phosphite was coupled with
methyl, ethyl, and propyl alcohols, the yields of the correspond-
ing trialkyl phosphates were 46%, 57%, and 63% respectively.
The syntheses were carried out using perchloric acid with added
lithium chloride as the supporting electrolyte. The anode was
made of vitreous carbon and a diaphragm electrolyser was used,
although the need for a diaphragm in this process can hardly be
justified.

5. Synthsis of phosphonates
The cathodic reduction of dialkyl phosphites in the presence of
halogen-containing compounds leads to phosphonates. The
mechanism of this process differs singnificantly from those
examined above. The primary process is apparently the cathodic
reduction of the dialkyl phosphite with formation of the anion
(RO)2P(O)-:36

(RO)2P(O)H + 2e —*• [(RO)2P(O)]- + iH2 .

The anion reacts further with the halogen-containing com-
pound: 36

[(RO)2P(O)]- + R'Hal —»-(RO)2P(O)R' + Hal-.

The electrochemical synthesis of phosphonates was first
described by Petrosyan and Niyazymbetov.5S The process was
carried out in a diaphragm electrolyser at a platinum anode in
acetonitrile at a current density of 0.003- 0.005 A cm- 2 at 20 °C.
A 0.3 M solution of tetraethylammonium bromide was used as the
supporting electrolyte.

The starting compounds were dimethyl, diethyl, and diphenyl
phosphites as well as methyl and benzyl iodides and chlorides. The
yields of the corresponding phosphates were in the range
55%-65%.

An interesting modification of this reaction has been pro-
posed.58 In it, methylene chloride containing 0.3 M tetraethylam-
monium bromide and 0.015-0.03 M phosphite (Pt cathode) was
used as the catholyte, while the anolyte was a 0.3 M solution of
tetraethylammonium bromide in methylene chloride to which
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cyclohexene had been added to bind the bromine evolved. The
reaction proceeds in accordance with the equation:

O O
I! II

(RO)2P(O)H + CH2C12-

R = Me,Et,Ph.

- (RO)2P(O)Me + (RO)2PCH2P(OR)2

A B

The yields of the products A and B depend on the amount of
electricity passed through the system. Thus, when three Faradays
are passed per mole of the phosphite, mainly product A is formed,
its yield amounting to 75% for dimethyl phosphite, 72% for
diethyl phosphite, and 51% for diphenyl phosphite. It was later
shown 59 that the alkylation of phosphites in the presence of small
amounts of water proceeds more successfully than in the anhy-
drous solvent. The following composition of the catholyte has
been recommended for alkylation: solution containing 2 mmol of
the phophite and 3 mmol of the alkyl halide in 25 ml of
dimethylformamide containing 4 mmol of tetrabutylammonium
as the supporting electrolyte and 4 mmol of water.

For example, the coupling of diethyl phosphite with butyl
iodide has been achieved under these conditions in 74% yield, but
in the reactions with butyl bormide, benzyl bromide, and benzyl
chloride the yields were 49%, 60% and 55% respectively. These
data show that compounds containing a sufficiently mobile
halogen atom must be used as the coupling component. In other
examples, the yields of the phosphonates vary in the range
56%-58%.

The elctrochemical alkylation of cw-2-hydro-4-methyl-2-oxo-
1,3,2,-dioxaphosphorinane 1 with equatorially oriented methyl
and oxo-groups proceeds strereoselectively and leads to 2-benzyl-
4-methyl-2-oxo-l,3,2-dioxaphosphorinanein 60%-70% yield.60

Together with the phosphonate 2, the phosphate 3 was isolated.
The mechanism of the formation of the latter has not yet been
investigated.

PhCHzCl

T
In contrast to dialkyl phosphites, the sodium salts of dialkyl-

phosphorous acids are readily oxidised at a platinum anode in
solution in acetonitrile in the presence of sodium perchlorate as
the supporting electrolyte:6I

R in (RO)2PONa Et

0.45

Pr1

0.50

Pr11

0.63

Bu°

0.63

It is suggested that the oxidation proceeds in accordance with the
equation:

(RO)2PONa * [(RO)2PO-] — t .
- e , - N a + - e

The electrolysis of such a system in the presence of aromatic
and heterocyclic compounds leads to the corresponding phospho-
nates, for example,

[(RO)2PO] + • O- (RO)2P(O) II \

Apart from thiophene, furan, quinoline, and naphthalene
have been introduced into this reaction. The yield of the phos-
phorylation products varied in the range 25% -30%, the reaction

being accompanied by the formation of a number of side products,
such as (RO)2P(O)H, (RO)2P(O)R, and (RO)3PO.61

In the presence of secondary amines, amidophoshite diesters
were synthesised at the oxidation potential of sodium dialkyl
pyrophosphite.62 It is suggested that the reaction proceeds via the
following path:

(RO)2PONa —*- [(RO)2PO]+ + Na + + 2e,

[(RO)2PO]+ + (RO)2PONa —*- (RO)2POP(O)(OR)2 + Na + ,

(RO)2POP(O)(OR)2 + R2NH —*~ (RO)2PNR2 + (RO)2P(O)OH,

3(RO)2PONa + R2NH —*- (RO)2PNR2 + (RO)2P(O)ONa + 2Na + + 2e.

In the presence of a large excess of the amine in the solution,
the following process may occur:63

[(RO)2PO]+ + R2NH — » (RO)2P(O)NR2.

The following amidophosphites have been synthesised elec-
trochemically: (EtO)2PNEt2, (BuO)2PNEt2, and (BuO)2PNBu2 in
30%, 20%, and 32% yields respectively.

The data presented in this review show that electrolysis can be
used successfully for the synthesis of trialkyl phosphates from
white and red phosphorus. Data on the catalytic influence of
copper halides on the synthesis of alkyl phosphates merit atten-
tion. The study of the characteristic features of the formation of
trialkyl phosphates demonstrated the possiblity, in principle, of
the direct synthesis of phosphites from elemental phosphorus and
also the possibility of the electrochemical oxidation of phosphites
and dialkyl phosphites to the corresponding phosphates and
pyrophosphates. It is noted that electrolysis is a promising
procedure for the preparation of various derivatives of dialkyl
phosphites.

The authors thank the International Scientific-Technical
Centre (grant No. 136) for financial support in the writing of this
review.
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Abstract. Alkyl vinyl chalcogenides show a complex picture of
rotational isomerism and are characterised by the presence of
several qualitatively different types of stable conformers. The
features of conformational structure of these compounds can be
understood only by considering the stationary states altogether.
Conformational analysis of divinyl chalcogenides indicates that
the potential energy surface of internal rotation should be
considered not as just a source of information on rotational
isomerism; rather, it is a tool in a search for stationary states
corresponding to definite intervals of variation of internal
molecular coordinates. The principal details of the orbital
structure of allenyl ethers and vinyl chalcogenides including a
weak dependence of the structure and relative location of higher
occupied it-MOs of alkyl vinyl chalcogenides on the nature of the
heteroatom and the structure of the alkyl substituent are dis-
cussed. The common feature of chalcogenides is the presence of a
low energy excited state of a-symmetry. The excited states of
ir-symmetry are always located higher on the energy scale than the
states of a-symmetry. The bibliography includes 198 references.

I. Introduction

The interest in electronic and conformational structures of vinyl
systems of the type CH2 = CHXR (X = O, S, and Se, and Te,
R = Alk, and CH = CH2) stems from a number of important
features specific to rotational isomerism in compounds of this
class. First of all, the number of existing rotamers may exceed the
number expected on the basis of canonical concepts about the
nature of rotational isomers. In the majority of cases, the
deviation of atoms from their equilibrium position are small,
and the observed properties of the molecular system can be
satisfactorily described in terms of the harmonic oscillator
approximation. In the case of large deviations from equilibrium
in molecules existing in several rotameric forms, quantum
mechanical analysis leads to a revision of conclusions on the
nature and the number of stable conformers.
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Russian Academy of Sciences, ul. Favorskogo 1, 664033 Irkutsk,
Russian Federation. Fax (7-395) 235 60 46
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According to traditional concepts, hindered internal rotation
about C^J — X (X = O, S, Se, and Te) bonds in molecular systems
of alkyl vinyl chalcogenides provides three conformations,
namely, s-cis-, s-trans-, and gauche- (non-planar).1' The reason
for hindered rotation about the Cip2 —X bonds can be both the
interaction of the multiple bond 71-electrons with the lone electron
pair on the chalcogen atom (p,7t-interaction) and purely steric
interaction of substituent R with the hydrogen atoms of the vinyl
group. For these types of molecules, the most important informa-
tion on rotational isomerism is the number of stable conformers
and their parameters. Mutual counterbalance between the
changes in structural parameters in internal rotation and the
electron distribution in different conformations opens the way to
understanding both the properties of the compounds and the
effect on them of external factors, such as electric and magnetic
fields, medium, and temperature.

Typical of vinyl chalcogenides are rotameric forms charact-
erised by torsional intramolecular motion of large amplitude. The
peculiarities of the conformational structure of these compounds
can be understood by considering the whole ensemble of station-
ary states. The most comprehensive information on rotational
isomerism in alkyl vinyl chalcogenides can be gained from the
internal rotation potential curve, and in divinyl chalcogenides,
from the corresponding potential surface constructed as a func-
tion of rotational angles about C^—X bonds. Alkyl vinyl
chalcogenides are characterized by rotation about the C y —X
bond, in addition to the rotation about the C , J —X bond; for R
other than Me, internal rotation in the alkyl substituent also takes
place. This increases the number of rotational states and hampers
the use of many methods of investigation. In this connection, an
increased interest in the simplest analogues of compounds under
study such as vinyl alcohol and ethenethiol is well understood.

The problem of the relationship between conformational
isomerism, electronic structure, physicochemical properties, and
reactivity in vinyl heteroatomic systems has first been formulated
for vinyl ethers and sulfides in generalising papers.1-2 In these
studies, the main achievements in this field were summed up, and
novel approaches (and solutions) were contemplated. These
studies have stimulated systematic investigations in this field
carried out in the last two decades3"21 including also vinyl
compounds of selenium,9'u-13 tellurium,4'9-11-13 and nitro-
gen.16"20 A significant part of these investigations was performed
by the NMR method on various nuclei. Large areas of this

t Hereinafter, the terms cis- and tranr-conformers refer to s-cis- and
•r-fra/u-conformers of chalcogenides.
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research are summarized in theses 9>13-16'18 and reviews.3'4-6"8

However, recent results obtained by other methods have not been
considered altogether except for a thesis,21 in which the results of
the study of the electronic and spatial structures of vinyl and
allenyl chalcogenides by IR, Raman, UV, and PE spectroscopy
methods, conformational analysis, quantum-chemical calcula-
tions, and normal coordinate analysis have been summarized.

The present review gives a systematic account and critical
examination of investigations of the electronic and conforma-
tional structures of vinyl and allenyl chalcogenides carried out by
complementary theoretical and experimental methods (gas elec-
tronography, microwave, vibrational, UV and PE spectroscopy,
dipole moments).

n. Rotational isomerism in vinyl and allenyl
chalcogenides
1. Vinyl alcohol and ethenethiol
For a long time, vinyl alcohol has not been available for
experimental studies and has been considered as an unstable
tautomeric form of acetaldehyde. Only in 1967 was vinyl alcohol
identified by its mass spectrum in the analysis of the products of
oxidation of dideuterioacetylene.22 The NMR spectrum of vinyl
alcohol (without its isolation from the products of photolysis of
acetaldehyde) was reported.23 The molecular structure of vinyl
alcohol was elucidated from the MW spectra.24-25 The analysis of
the MW spectra favours the preferential planar cu-conformation
of the molecule having the following geometric parameters:
r(C = C) = 1.33 A, r(C-O) = 1.37 A, CCO bond angle is equal
to 120°. Experimental parameters of the less stable trans-con-
former of vinyl alcohol were obtained later by MW spectro-
scopy.26 The analysis of rotational constants for the trans-
rotamer and its deuterioisotopomer j[CH2 = CHOD) gave the
following geometry: r(C = C) = 1.32A, r(C-O) = 1.38A, the
COD bond angle is 122°. The C = C bond distance in vinyl
alcohol is somewhat shorter than the corresponding bond lengths
in ethene27 and propene.28 Shortening of the C—O bond length
and an increase in the CCO bond angle is observed in vinyl alcohol
as compared to saturated alcohols (1.43 A and 120°, respec-
tively).29 The energy difference of 4.5 kJ mol"1 was calculated
for CM- and taww-conformers of vinyl alcohol from the variation
of relative intensities in the MW spectrum.26

The characteristics of vinyl alcohol derived from IR, UV, and
NMR spectra 30 ~32 are useful for the detection of this alcohol and
other simple enol compounds among intermediates of chemical
reactions. The absorption bands for the cw-rotamer and for all by-
products formed in its synthesis were assigned based on the
analysis of the IR spectra of vinyl alcohol and nine of its
isotopomers and from normal coordinate analysis.32 Five absorp-
tion bands are observed in the photoelectron spectrum of vinyl
alcohol.33'34 The low-energy band has a fine structure with a
vibrational interval of 1400 cm"1. The low-frequency component
of this band is assigned to the cis- and the high-frequency
component is assigned to the /rows-conformer.33

According to the IR and MW spectra, the sulfur analogue of
vinyl alcohol, ethenethiol, is also a mixture of two confor-
med.35"40 A detailed analysis of the IR spectra of ethene-
thiol36'37 in the gas phase, crystal state (at 300 K), and in argon
and nitrogen matrices has shown that the molecule exists as cis-
and ftww-conformers, the cw-form being more favourable in
energy, as in the case of vinyl alcohol. The normal coordinate
analysis for cis- and frans-conformations indicates that the
stretching C—S, bending C = C—H, and torsional S—H vibra-
tions depend most of all on conformations.37

The planar cis- and 'quasi'-franj-conformers of ethenethiol
and its deuterated isotopomers have been studied by MW
spectroscopy.35'36'38>4° The following geometric parameters
were obtained for the most stable cis-conformer: r(C = C) =
1.34A, r(C-S) = 1.76 A, bond angles CCS and CCH are equal
to 126.9 and 95.8°, respectively.40 Internal rotation about the
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Figure 1. The potential function of internal rotation for the
/rans-conformer of vinylthiol.39

C y — S bond results in a decrease in the CCS angle by 5 ° and in an
increase in the C—S bond length by 0.02 A. The characteristics of
an ethenethiol rotamer and its SD-isotopomer differing from the
cir-form in the ground and three excited vibrational states were
also obtained from the MW spectra.39 The dipole moments and
rotational constants corresponding to the CCS and CSH bond
angles equal to 122 and 98 °, respectively, were determined. The
potential curve of internal rotation for fraru-ethenethiol was
obtained in this work (Fig. 1). The ground vibrational state of
this 'quasi'-frww-conformer (according to the authors' terminol-
ogy) is above the barrier of 19 cm"1 at 26° separating the two
minima relative to the zero of the planar conformation.

Considerable progress in studies of the conformational
properties of a,(3-unsaturated ethers and sulfides has been
achieved with the use of ab initio calculations, which allow one
to estimate the population of one conformation or another and
the probability of the interaction of a lone electron pair of a
heteroatom with the jc-electron system.41-46 One of the first
theoretical studies of this type was the calculation on vinyl
alcohol and ethenethiol,42 which confirmed that both com-
pounds have two rotational isomers, the cis-conformer being
more stable. The maximum in the potential curve of internal
rotation for vinyl alcohol corresponds to a dihedral angle (<p) of
90 °, and for ethenethiol it corresponds to 60 ° (Fig. 2). The second
minimum for ethenethiol corresponds to a torsional angle of 150 °.

ab initio Calculations for vinyl alcohol have been performed
with full optimization of the geometry of vinyl alcohol using
STO-3G and 4-31G basis sets.43"45 These calculations have also
confirmed that the molecule exists in two planar conformations:
cis- and trans-. For a series of substituted vinyl alcohols
XCH = CHOH (X = H, CN, F),46 the potential as a function of
the internal rotation about the C , y - S bond calculated in the
4-21G basis set appeared to depend substantially on the nature of
substituent X (Fig. 3) Internal rotation in these molecules is

30 60 90 120 150 <p/deg

Figure 2. The potential functions of internal rotation for vinyl alco-
hol (7) and vinylthiol (2).42
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Figure 3. The potential functions of internal rotation for molecules
XHC = CHOH.«« X = H (1), CN (2), F (5).

accompanied by changes in the CCO angle and the C - O bond
length.45-46

The energy difference between the conformers of vinyl alcohol
is equal to 9.4 (STO-3G),44 9.0 (4-31G),44 7.1-7.9 (3-21G),45 and
11.8 (4-21G)46 kJmol" 1 , which agrees with the value of
7.9 kJ mol"1 (spd) obtained from the calculation using a partial
geometry optimization.42 The barrier to internal rotation separat-
ing the cis- and trans-forms of vinyl alcohol is equal to 17.3,46

17.6,42 and 17.9 kJ mol-1 .4 5

The internal rotation potential curves for ethenethiol obtained
by ab initio calculations in various basis sets (STO-3G, 3-21G,
44-31G, and spd) were compared with those obtained by molec-
ular mechanics (MM) methods) (Fig. 4).47-48 The cis-conforma-
tion is the most stable in all basis sets. The planar trans-form is the
second stable conformer of ethenethiol in the STO-3G basis while
in the 44-31G, 3-21G, and spd basis sets, the second stable
conformer is a ga«c/ie-rotamer with a rotational angle about the
C,y - S bond of 120 -135 °. The rotational barrier obtained by the
MM method (3.8 kJ mol"1) is lower somewhat compared to
those determined by other methods (5.9 (44-31G),47 and
7.9 kJ mol"1 (spd).42 The value of the barrier calculated using
the STO-3G basis appeared to be significantly higher
(16.7 kJ mol"1)4 6 than those calculated in other basis sets. For
this reason the prediction that the ftww-form is the second stable
conformation, most probably, cannot be considered to be correct.

Potential curves for internal rotation about the C y — S bond
in ethenethiol obtained from the MW spectroscopy data49 are
presented in Fig. 5 a. In the region corresponding to the trans-
conformation, there are two minima with torsional angles of
about 156° (0.87jt) and 204° (1.13TC) separated by a barrier of
about 0.14 kJ mol"1 . The ground vibrational state of the trans-
conformer is above that small barrier. The cw-conformer of

60 120 </>/deg

Figure 4. The potential functions of internal rotation for vinylthiol47

obtained by different methods: (7) STO-3G, (2) spd, (3) MM, (4) 44-31 G,
(5) 3-21 G.
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Figure 5. The experimental (a) and theoretical (b) functions of internal
rotation for vinylthiol.40

vinylyhiol is 0.6 kJ mol"1 more stable, and the rotational barrier
separating the cis- and /ra/is-conformers is equal to 9.5 kJ mol"1 .
The ab initio calculation in the 4-21G basis gave the internal
rotation potential and the positions of stationary energy levels
corresponding to the planar cis- and 'quasi'-ftww-states as well as
to the non-planar gauche-form (Fig. 5 b).*9

The potential function for internal rotation about the C y — S
bond in ethenethiols XCH = CHSH (X = H, CN, Me, F are trans
oriented with respect to the sulfur atom) depends substantially on
the nature of the substituent (Fig. 6).49-50 The relative stability of
the planar cw-conformer increases as the electron acceptor

- 5 -

60

Figure 6. The potential functions of internal rotation for molecules
XHC = CHSH.4» X = H (/), CN (2), CH3 (5), F (4).
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properties of the substituent increase; for X = F, the acceptor
properties of which are lowered due to the competitive p,n-
interaction in the F—C = C system, only the gauche-totamei
exists in the system.

2. Alkyl vinyl ethers
The existence of rotational isomerism in vinyl ethers was first
established from Raman and IR spectroscopy1-52"59 and was
confirmed later by studies of ultrasonic relaxation 51 and micro-
wave spectroscopy.60 From the very beginning, there were differ-
ent opinions about the number and structure of stable conformers.
The study of the temperature dependence of absorbance of triplet
components in the range of double bond stretching vibrations
allowed one to conclude s6 that the most stable conformation is
characterised by two bands (1613 and 1650 cm"1) whereas the
less stable form is characterised by one maximum at 1642 cm~".
The appearance of the third band in the 1600 cm"1 region (with
the highest frequency) in the vibrational spectra of alkyl vinyl
ethers is explained by Fermi resonance between the v(C = C) and
co(CH2 = ) vibrations.61 The temperature dependences of integral
intensities of the components of the same triplet in the Raman
spectrum of n-butyl vinyl ether allowed one to assign each of the
three components to a particular rotamer and to calculate the
difference between their energies.62 Assuming the existence of
three possible conformations (two planar, CM- and trans-, and one
non-planar, gauche-), one could calculate the frequencies and
eigenvectors of the normal modes for methyl vinyl ether, which
were in a satisfactory agreement with experimental data.58 At the
same time, the relaxational behaviour of methyl, ethyl, and
2-chloroethyl vinyl ethers indicates that there is an equilibrium
between the planar conformations (cis- and trans-).51 Vibrational
spectra of methyl vinyl ether and its deuterio-isotopomers have
been studied and the band assignment according to symmetry and
eigen vectors has been proposed.63 It is noted that this molecule
exists at room temperature in the planar cw-form, and at lower
temperature it exists in the planar ftww-form (or nearly trans-),
which follows from the appearance of a number of new bands in
the spectra. From the analysis of Raman and IR spectra of methyl
vinyl ether it also follows that the .s-ftww-confonnation is less
stable.64"66 The same conclusions have been derived from the
analysis of PE spectra of alkyl vinyl ethers 67 ~ 69 with normal alkyl
substutuents.

Analysis of the rotational structure of CH2 = out-of-plane
bending modes (820 cm~ •) has led to a conclusion 61> 70-71 that the
most stable conformation in methyl and ethyl vinyl ethers has a
sickle-like (cis-) form. It was suggested61-70 that the other
conformation should have a non-planar structure. These conclu-
sions 61i70>71 have received additional and independent support
from the analysis of MW,60 Raman and IR 72~74 spectra of methyl
vinyl ether. The study of vibrational spectra of methyl vinyl ether
in the gas phase allowed the identification of a less preferred 'skew'
rotamer with a torsional angle of 144 °.72

The IR spectra of vinyl ethers are very useful in determining
the conformer ratio. An analysis of extensive experimental data
and literature assignments allowed the major bands of the
vinyloxy group to be ascribed to particular conformations. For
example, the following maxima correspond to the planar con-
former: a low-frequency component of a band in the region of
~820 cm- 1 [CB(CH2 = ) ] ; 6 1 > 7 0 > 7 5 ' 7 6 a high-frequency component
of a band at ~960 cm"1 [<n(CH = )];61-70-76 a very strong broad
band around 1200 c m - ' [v(C-O)];56-61-70 a narrow band of
medium intensity at 1320 cm- 1 [5(CH = )];61>70 a low-frequency
component of a triplet in the 1600 cm"1 region (usually,
~ 1620 cm"1) [v(C = C)].56-61'62-70 The following peaks corre-
spond to the non-planar conformer: a high-frequency shoulder
on the band at 820 cm" ! ,61 •70> 75> 76 a low-frequency component of
a doublet in the region of 950 cm- 1 [w(CH = )];66 weak peaks in
the region of 1150-1050 cm"1 [v(C-O)] (for example,
1138 cm- 1 in methyl vinyl ether64 and 1143, 1100, 1081,

1048 c m - 1 in ethyl vinyl ether70); the middle component of a
triplet in the range of 1640 cm- 1 [v(C = C)].56-61-62-70

The aim of the studies77"79 was to elucidate, using the IR
spectra of alkyl vinyl ethers, the influence of the structure of alkyl
substituent on the relative intensities of bands belonging to
different conformations without going into details of their spatial
structure. A comparative analysis of IR spectra of ethyl vinyl ether
indicates that the conformation ratio depends very strongly on the
degree of branching of the substituent at the a-carbon atom.77 For
methyl and alkyl vinyl ethers with normal substituents the planar
conformers dominate, whereas the relative intensities of the bands
of the planar conformer decrease abruptly with an increase in
branching in the substituent up to the disappearance of some of
them; simultaneously, the bands of the non-planar conformer
appear and their intensiies increase. ter/-Butyl and terf-pentyl
vinyl ethers exist virtually as one non-planar conformer. Indeed,
all the vibrational bands of the planar conformer in the spectra of
these ethers decrease in intensity or disappear. This is most clearly
illustrated in the 1600 cm"1 region, where only one high-
frequency component of the very strong multiplet remains,
which belongs to the non-planar conformation.

The possibility to apply ab initio calculations to analyse the
vibrational spectra of methyl vinyl ether has been shown.80 A
theoretical force field has been composed and corrected by scaling
factors, which have been either transferred from simpler molecules
CH2 = CHF and Me2O or selected by calculation of the rotation
about the C,y - O bond. The method of stepwise determination of
scaling factors gave a satisfactory agreement between the calcu-
lated and experimental data.

The molecular structure of methyl vinyl ether was also studied
by electron diffraction.42-81 Along with the problem of the
determination of the molecular geometry of the major rotamer,
an attempt was made to solve the problem of the existence of a
second less-preferable form. In an earlier paper81, the gauche-
conformer with an angle between the C = C—O and C—O—C
planes between 80-110 ° has been favoured. Later, the results of
ab initio calculations referring to the planar s-trans-structure of
the second stable rotamer have convinced the authors to recon-
sider their experimental data and to conclude that these data do
not contradict the supposition about the planar structure of the
second rotamer in methyl vinyl ether.42

Important results concerning the spatial and electronic struc-
ture of alkyl vinyl ethers were obtained from the study of their
dipole moments.1 For alkyl vinyl ethers CH2 = CHOR, unprece-
dented dependences of dipole moments on the structure of the
alkyl substituent82 and temperature83 were established. The
reason for these features is a close relationship between p,n-
interaction and conformational isomerism. Mere consideration
of the dipole moment vectors for dimethyl and methyl vinyl ethers
leads to the conclusion that the dipole moment of the latter
depends on the torsional angle provided that the ^.^-interaction
is accompanied by polarisation of the double bond (Scheme 1):

Scheme 1

Me

Me

c=c<
H H

ft. /
Me

s-cis s-trans

The existence of this polarisation follows from the considera-
tion of the dipole moment values of alkyl vinyl ethers with normal
and branched alkyl substituents (Table I).84"86

In methyl vinyl ether, which exists preferentially as the s-cis-
confonner,85 the directions of 7t and a constituents are opposite.
Therefore, in this case, it is worth estimating the rc-constituent as
the difference (0.36 D) between the moments of dimethyl ether
and methyl vinyl ether (as in Ref. 87). Of course, one should bear
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Table 1. Dipole moments of vinyl and dialkyl ethers.

Ether ft ID Ref.

CH2 = CHOMe

CH2 = CHOEt
CH2 = CHOPrn

CH2 = CHOPri

CH2 = CHOBun

CH^CHOBu*

CH2 = CHOBu*
CH2 = CHOPentn

CH2 = CHOPentl

(CH2 = CH)2O

Me2O

Et2O

(Pr")2O
EtOBu'

1.0
1.1
1.19
1.19
1.47
1.20
1.25
1.14
1.20
1.81
1.22
1.84
1.10
1.06
1.31
1.25
1.27
1.22
1.13
1.29

84
85
84
84
84
84
85
84
85
84
84
84
84
85
85
86
85
86
85
84

in mind that the jc-moment value obtained in this way includes the
induced jt-moment and the contribution due to the difference in
the moments of the C y — O and C^— O bonds. However,
estimations of dipole moments of other conformations by the
addition of JC and <r vectors 87 are erroneous in principle, because
they do not take into account the changes in the degree of p,n-
interaction (and therefore, the it-constituent) due to violation of
coplanarity. For a non-planar ^awcAe-confonnation (where the
angle is 90°) the ^-constituent should be absent or, at least, should
be much less than that for the planar conformation. The
consideration of the molecular model shows that for such a
conformation, the a-moment vector forms an angle of ~55°
with the double bond plane, and the directions of its projection to
this plane and the C y — O bond coincide.

A significant difference between the dipole moments of
conformers of alkyl vinyl ethers could be rationalised in terms of
electronegativity of a substituent R.88 The validity of this
supposition follows from a close linear dependence of the dipole
moment on inductive (cr*) and steric (Es) constants of the
substituent R. The study of temperature dependence of dipole
moments83 allowed one to choose between the inductive and
conformational nature of the difference in dipole moments in the
series of alkyl vinyl ethers in favour of the latter.

The dielectric behaviour of alkyl vinyl ethers with non-
branched substituents was shown to differ substantially from
that of vinyl ethers with bulky branched substituents. In the
former case, the dipole moment increases markedly with tempera-
ture, and in the latter case it decreases. For methyl vinyl ether, the
dipole moments measured in a broad temperature interval are in line
with the concept about the equilibrium of two rotamers in octane
and benzene solutions.83-89 It was concluded83 that a decrease in the
dipole moments of alkyl vinyl ethers with Pr', Bu', Pent1 substituents
as temperature increases is caused, not by an increase in the
population of the less polar form, but rather by violation of
coplanarity of the molecular fragment CH2 = CHO during tor-
sional vibrations. It is evident that an increase in the population of
excited torsional vibrational states can affect significantly the
experimental dipole moment only if the torsional mode has a
sufficiently large amplitude. A W-shaped potential curve of internal
rotation has been proposed,83 which can explain qualitatively the
dielectric behaviour of all the alkyl vinyl ethers studied.

In addition to the experimental studies of rotational isomer-
ism in vinyl ethers discussed, numerous publications concerning
theoretical considerations «2.45.63,64.80,90-101 indicate that the

planar cu-conformation is the most favourable in energy, while
the structure of a second less stable conformer is still disputable.
The potential curve of internal rotation for methyl vinyl ether was
obtained in the CNDO/2 approximation; its shape depends
significantly on the COC angle.90-91 According to these calcula-
tions, the second less stable conformer has a non-planar gauche-
structure. It is also possible that coplanarity in the trans-form is
violated.42'92

One of the first ab initio calculations M yielded the potential
curve of internal rotation for methyl vinyl ether. The minima of
the potential function correspond to torsional angles of 0 ° (s-cis-
form) and 180 ° (s-trans-ibrm). The conformer energy difference
was calculated as 2.2 kJ mol"1.94 The potential curve of internal
rotation for methyl vinyl ether was calculated using the STO-3G
and 4-31G basis sets.95-96 The potential curve obtained is shown in
Fig. 7.96 The geometry optimization was performed in the
STO-3G basis. The calculations predict two stable conformations
for methyl vinyl ether: planar cis- and planar trans-. The
conformer energy differences of 4.02 kJ mol"1 9S and
4.2 kJ mol"1,96 calculated in the STO-3G basis, are in satisfac-
tory agreement with the experimental value (4.8kJmol~')
obtained by gas electronography;42 the values of
10.3 kJ mol- 1 95 and 9.6 kJ mol"1 96 calculated in the 4-31G
basis appeared to be twice as high.

120 <p/deg

Figure 7. The potential function of internal rotation about the C,^
bond in vinyl methyl ether.96

The method of calculation: (7) 4-31 G, (2) STO-3G.

The potential as a function of internal rotation for methyl
vinyl ether was calculated in the 6-31G and 6-31G* basis sets with
full geometry optimization.97 A region in the potential curve with
two flattened minima (torsional angle CCOC is 156.7-159.4°)
and a barrier between them corresponds to a less favourable
conformer (Fig. 8). The stationary state energies are located
above the barrier; they are associated with the vibration of the
Me group with large amplitude relative to the equilibrium position

£/kJmol- '

18

14

10

120 180 240

Figure 8. The potential function of internal rotation for vinyl methyl
ether in the region of location of the frans-conformer and the positions of
the steady energy levels (the calculation using the 6-31 G* basis set).97
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corresponding to the planar trans-form. The energy difference
between the lowest energy levels of the CM- and trans-forms,
8.3 kJ mol" 1 (6-31G) and 9.9 kJ mol" 1 (6-31G*), is in agree-
ment with the experimental value (7.1 kJ mol~') obtained for the
gas phase by IR spectroscopy.74

An ab initio calculation in the 4-21G basis with full geometry
optimisation gave comprehensive data on the structure of three
conformers, s-cis- (0°), s-trans- (180°), and skew (168 °).98 The
population of the skew conformer is 1 - 5%, the energy difference
between s-cis- and s-ftms-rotamers is equal to 12.4 kJ mol"1 .
However, according to other ab initio calculations for methyl vinyl
ether,45 torsional angles of 0° (s-cis-) and 150° (gauche-) corre-
spond to the stable states, the first being more favourable by
7.9-8.8 kJ mol"1 .

Hence, most of the studies on rotational isomerism in vinyl
ethers show that these ethers exist as two stable conformers. One
of them is planar (cis-), the other is characterised by a relative
motion with large amplitude of the molecular fragments and an
effective non-coplanarity, which depends on the structure of the
vinyl substituent.

3. Allenyl ethers
Allenyl ethers (CH2 = C = CHOR) are close analogues of vinyl
ethers. Their unsaturated fragment is represented by two ortho-
gonal it-systems. The spatial structure of allenyl methyl ether has
been investigated by various physico-chemical methods.102"112

The interest in allenyl ethers is easily understandable because they
are both valuable initial substances for organic syntheses and
convenient models for investigations of the relationship of, and
mutual influence between, conformational isomerism and p,n-
interaction. Experimental data obtained by gas electronography
indicate that at room temperature allenyl methyl ether exists only
in the planar cis-conformation; the second conformer was not
detected.102 This conclusion was confirmed by an analysis of
coupling constants in the 'H NMR spectrum of allenyl methyl
ether.103-104

According to these data, alkyl allenyl ethers with non-
branched substituents possess preferential planar cis-conforma-
tion, and homologues with branched substituents exist essentially
in the planar ftwis-conformation. Conformational analysis of
vinyl and phenyl allenyl ethers104 allowed one to conclude that
the planar frans-conformation predominated and the content of
the cis-conformer was. ~ 10%.

The molecular structure of allenyl methyl ether was also
studied by MW spectroscopy.los The overall dipole moment was
determined in the ground state (ji—0.96D). The barrier to internal
rotation of the methyl group was obtained from the splitting of
transitions in the excited state (V3 = 11.86 kJ mol"1). The values
obtained were assigned to the planar cis-form. PE spectroscopic
data and semiempirical MNDO/3 calculations showed that
allenyl methyl ether exists as two conformers s-cis- and s-trans-,
the former dominating.106 Raman and IR spectra of allenyl
methyl ether were studied using ab initio calculations within the
3-21G and 6-31G* basis sets. From the data obtained it was
concluded that allenyl methyl ether has two conformers, viz, the
planar cis-form and the non-planar gauche-form with a torsional
angle of 140°. The energy difference of U^kJmol - 1 for
conformers was calculated from the temperature dependence of
intensities of the bands sensitive to conformations. The potential
curve of internal rotation for allenyl methyl ether was obtained113

(Fig. 9). In the range of the second stable conformer, there are two
small minima separated by a barrier of 1.42 kJ mol"1, which
correspond to enantiomeric forms. Large amplitude intramolecu-
lar motion of fragments of the molecule relative to the planar
trans-form corresponds to the stationary energy states arranged
above the barrier.

Rotational isomerism and the breakdown of local Cj, sym-
metry of the methyl group have been studied using vibrational
spectra [IR (gas, liquid), Raman (liquid)] of allenyl methyl ether
and its deuterio-isotopomer, CH2 = C = CHOCD3.

114 Specific

-60 0 60 120 180 <p/deg

Figure 9. The potential function of internal rotation for allenyl methyl
ether.1"

interactions in the fragments CH2 = C =, = CHO and COC can
manifest themselves in vibrational spectra due to the orthogonal
arrangement of the n-systems in allenyl methyl ether. It is difficult
to estimate the coupling of these vibrations directly from experi-
mental spectra. It became possible only by comparing experimen-
tal results and ab initio calculations.

The calculation of the equilibrium geometry and the force field
was carried out by the gradient method using the 4-21G basis
assuming the cis-conformer to be the most stable.114 Scaling
factors were transferred from simpler dimethyl ether and allene
molecules, and for the rotation about the C ^ — O bond these were
selected from calculations. The scaling factors were determined by
fragments, which gave a satisfactory agreement of calculated and
experimental frequencies.114

Similar to Fermi resonance between v,(CH3) and 2<58(CH3),
there is a resonance between the vw(CH3) and 2 $M(CH3) modes.
Comparative analysis of a splitting value of the degenerate
Vas(CH3) mode of C3, symmetry and the frequency shift for this
mode upon isotopic substitution indicates that asymmetry of the
C—H bond lengths in the methyl group of allenyl methyl ether is
the same as in methyl vinyl ether.115-U6

The antisymmetric stretching mode of the allenyl fragment
Vas(C = C = C) at 1960 cm~ • is not coupled and localised in double
bonds, while the v,(C = C = C) mode at 1054 cm~l is coupled with
the vibrations of the COC and CH3 groups. The frequencies of
C=C = C bending modes occur in the low-frequency range at 270
and 170 cm"1; the bending mode of.the COC group contributes
largely to the band at 170 cm"1. The band responsible for the
torsional motion relative to the CCC axis (612 cm~') is intense in
the Raman spectrum and weak in the IR spectrum. This is
explained by substantial changes in the molecular polarisability
and a weak dependence of the dipole moment on the torsional
motion of the allenyl fragment. Apparently, the perturbation
introduced by the orthogonal Ji-system to the interaction of the
lone pair electron with it-electrons of the double bond of the
= C = C(H)O fragment does not influence significantly the effects
of electron density delocalisation.

Analysis of experimental spectra of allenyl methyl ether and its
deuterio-isotopomer allowed one to identify the bands corre-
sponding to the stretching modes of the CH and CH2 groups. A
band of medium intensity in the IR spectrum and a strong line in
the Raman spectrum with a frequency of 3046 cm"1 were
assigned to the stretching mode of the C—H bond.114 It is
identical in frequency and eigenvector with that of the analogous
group in methyl vinyl ether.

The feature distinguishing allenyl methyl ether from methyl
vinyl ether is an anomalous intensity ratio of the vibrational bands
vs(CH2) and vas(CH2). The intensity of Vas(CH2) in methyl vinyl
ether is significantly higher than that of vs(CH2), while, according
to the calculation for allenyl methyl ether, confirmed by experi-
mental results, the derivative of the dipole moment with respect to
the normal coordinate is by an order of magnitude larger for
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v,(CH2) than for vM(CH2). A similar picture is observed in the
spectra of other molecules containing the allenyl group,117 which
might be rationalised in terms of peculiar features of the electronic
structure of the allene framework.

In the IR spectrum of allenyl methyl ether in the gas phase, the
A-type band with a frequency of 1430 cm- 1 belongs to the
bending mode <5(CH2)114 This assignment differs from the
assignment113 of this band to 5(CHi), which has been made
without analysis of the rotational structure of the deuterio-
isotopomer. A low intensity <5CH2 bending mode at 1015 cm"1

manifests itself as a C-type band in the IR spectrum. According to
calculation, it contains a contribution from a wagging mode,
which features a departure of the a-hydrogen atom from the plane
of the C = C - O fragment.114

Analysis of rotational contours in the IR spectrum of allenyl
methyl ether allowed one to assign the bands in the
850-920 c m - 1 range since in this range, the stretching COC
mode gives rise to a band of the A type at 918 cm"1 , which is
coupled with the wagging modes of the CH2 group (895 cm"1)
and the bending mode of the allene framework.

In order to investigate rotational isomerism in allenyl methyl
ether and in its deuterio-isotopomer, their IR spectra in various
solvents (CC14, C7Hi6, CUHgBr, MeCN) were measured over a
wide temperature range.114 A normal coordinate analysis was
carried out for various orientations of the COC and CCO
fragments specified by the COCC torsional angle. The bands in
the vibrational spectrum sensitive to conformations were identi-
fied by calculation. For allenyl methyl ether in the condensed
state, two weak bands at 572 cm"1 (Raman) and 960 cm"1 (IR)
were revealed, which, probably, belong to the modes of a second
conformer differing from the cir-conformer in population and
geometry. No features of the second conformer were detected in
the gas-phase spectra. The splitting of the vs(C = C = C) and
vas(C = C = C) bands cannot originate from conformational
changes because it remains in the spectra of the gas phase,
condensed and solid states. The bands observed on the high-
frequency side of vas(C = C = C) and on the low-frequency side of
vs(C = C = C) seem to belong to a series of so-called 'hot' transi-
tions.

It follows from the above account that the planar cis-
conformer with the methyl group of distorted Cj» local symmetry
is the most preferable in energy for allenyl methyl ether. The
splitting value of the degenerate vasCH3 mode of Cj» symmetry
and the position of the low-frequency component of the Fermi
resonance lead to the conclusion that the structures of methyl
vinyl and allenyl methyl ethers are similar.

4. Alkyl vinyl sulfides
The molecular structure of the sulfur analogue of methyl vinyl
ether, methyl vinyl sulfide, has been studied by both experimental
and theoretical methods. The conclusions made from these
investigations concerning the nature of possible stable confor-
mers and their energy characteristics do not always coin-
cide.42' 1 1 8- '2 4 Thus the data of MW I 2 0 and PE spectroscopy125

indicate that methyl vinyl sulfide exists at room temperature only
in the cis-conformation, whereas electronography shows that
methyl vinyl sulfide exists as two conformers, cis- and gauche-, in
the ratio of 33:66121 and 38 :62.42 The content of the gauche-
conformer was estimated as 11 % - 21 %.'22 The electronographic
data reported 4 2 -m - 1 2 2 and the MW and Raman spectra of methyl
vinyl sulfide were analysed123 using a static (considering small
amplitude modes) and a dynamic (including large amplitude
modes) models. The differences observed were explained by the
fact that the use of the static model is incorrect because this model
cannot be applied to high-temperature measurements as well as in
the cases when the barrier separating the conformers is relatively
high as is the case for methyl vinyl sulfide.

Dipole moments of alkyl vinyl sulfides appeared to be very
much similar to those of alkyl vinyl ethers. In the series
CH2 = CHSR (R = Me, Et, Pr\ Bu') a significant increase in

dipole moments is observed with an increase in branching of
alkyl substituent.126

R Me Et Pr- Pr* Bu"
1.35 1.47 1.44 1.58 1.41

Bu1

1.40
Bu'
1.59

Bu4

1.69
Pent'
1.70 1.60

However, the difference in dipole moments of ter/-butyl vinyl
sulfide and methyl vinyl sulfide at 298 K is only 0.35 D, which is
more than twice as low as that of tert-butyl vinyl and methyl vinyl
ethers (0.74 D). A smaller dipole moment value for methyl vinyl
sulfide than that of the saturated analogue, ethyl methyl sulfide
(1.60 D), as in methyl vinyl ether, indicates the same direction of
polarization due to />,ji-conjugation.

The temperature dependence of the dipole moments of alkyl
vinyl sulfides is analogous to that observed for alkyl vinyl ethers
with the only difference that the variation range is substantially
narrower.83 For alkyl vinyl sulfides with normal substituents, the
temperature dependence originates from a change in the popula-
tions of s-cis- and gaucAe-conformations; for branched substitu-
ents, it is due to a change in the vibrational level populations of the
gauche- conformation, i.e. the temperature dependence is deter-
mined by a different degree of deviation of the SR group from the
equilibrium position as the planar form is approached.

Methyl vinyl sulfide was intensively studied by IR spectro-
scopy. 3,5,124,127-131 ^ detailed investigation of IR-active vibra-
tions of the molecule has been given.118-124> 127 The bands sensitive
to conformational changes were revealed. The results of these
studies agree except for the assignment of the band at 1430 cm ~' ,
which has earlier been assigned to to the bending mode of the vinyl
groups (CH2 = ).118 In more recent studies,124-127 it was assigned
to the out-of-plane bending vibration of the methyl group, and the
(5(CH2 = ) mode was associated with the bands in the range of
1360-1390 cm-1 .

Out-of-plane bending (CH2 = ) (860-880 cm"1) and C - S
stretching (600-750 cm"1) modes are sensitive to rotational
isomerism and give rise to several bands, the number and
intensity of which vary with the change in the structure of the
alkyl substituent at the sulfur atom.124-127'128 The band at
860 cm"1 was assigned124 to the planar cis-conformer, and the
higher-frequency band (~880 cm"1), to the gauche-rotamer. A
trend of increasing frequency of <o(CH2 = ) (860 cm"1) with
increase in the electron-acceptor properties of the substituent
was noted131 in the spectra of substituted vinyl sulfides. Bearing
in mind the IR spectra of vinyl ethers,77"79 one can relate these
changes to the increase in the population of the less conjugated
non-planar conformer due to the shift of the lone electron pair of
the sulfur atom toward the acceptor.

It is noticed128 that the band at 678 cm- 1 [vs(C-S)], which
dominates in the spectra of alkyl vinyl sulfides with non-branched
substituents, becomes less intense in the spectra of .rec-alkyl vinyl
sulfides and is absent in the spectra of tert-aiky\ vinyl sulfides. The
latter have the only band at 730 cm" • assigned to gauche-rotamer
modes.128 A comparison of relative intensities of the bands in the
ranges mentioned shows that vinyl sulfides are irregular as regards
to conformation, and the proportion of the dominating stable cis-
rotamer decreases with an increase in substituent branching, tert-
Alkyl vinyl sulfides exist virtually completely in the gauche-
conformation.

The band due to the double-bond stretching mode exhibits a
doublet with absorption maxima in the range of 1575 -1585 cm" '
(Fig. 10).129 As the alkyl substituent branching increases, the
intensity of the low-frequency component decreases and that of
the high-frequency component increases. In the spectrum of tert-
butyl vinyl sulfide, the low-frequency band is absent. A similar
picture is observed in the IR spectra of vinyl ethers.1-77 Hence, IR
spectra of alkyl vinyl sulfides adequately reflect changes in the
conformer ratio depending on the substituent structure.
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Figure 10. The band contour of the stretching vibration of the double
bond in the IR spectra of compounds CH2 = CHSAlk.129

Alk - Me (7), Et (2), Pr1 (5), Buj (4).

IR spectroscopic data and quantum mechanical consideration
of rotational isomerism gave the potential energy curve for
internal rotation in methyl vinyl sulfide.129 In the spectrum the
doublet band of the double bond stretching mode has maxima at
1577 and 1581 cm"1 . The relative intensity of the low-frequency
component decreases and that of the high-frequency component
increases with temperature. The effect of alkyl substituent
branching in a series of alkyl vinyl sulfides as well as the existence
of a temperature dependence of relative intensities of the doublet
components permitted their assignment to different conforma-
tions of the vinylthio group.129 Since the intensity of the C = C
bond stretching mode due to the substituent resonance effect is
independent of the inductive effect influence and since the <r
constants are equal in the substituent series AlkS,130 the extinc-
tion for methyl vinyl sulfide in the ^aucAe-conformation may be
assumed to be equal to that for terf-butyl vinyl sulfide.

The temperature dependence of the v(C = C) band contour has
been analysed. The relationship between ln(cCi,/CgOuche), obtained
using the temperature dependence of ter/-butyl vinyl sulfide, and
1/T gives the following enthalpy and entropy difference for the
rotamers: AH = 6.1 kJ mol"1 , AS = -1.74 J K" 1 mol"1. The
energy difference obtained for methyl vinyl sulfide conformers is
close to those found earlier (kJ mol"1): 9.63,132 5.86,124 7.95,123

3.3-3.7,1227.9.133

Based on the quantum model of conformational isomerism,
the internal rotation potential curve parameters were selected so
as to correlate the number and energies of all the stationary states
with the observed temperature behaviour of the conformer ratio
(Fig. II).129 The stationary energy spectrum of the molecular
rotation is found from the solution of the Schro:dinger equa-
tion:129

with the potential U{q>) in the form:

where Un(q>) is the energy of steric hindrance, Vk is the character-
istic internal rotation barrier about the C^J — S bond, / is the
reducted moment of inertia of the molecule, and q> is the rotation
angle.

180 270 <p /deg

Figure 11. The potential function of internal rotation for vinyl methyl
sulfide and the positions of the stationary energy levels.
States: cis (7), gauche (2), 'quasi'-frans (3), and free rotation (4).129

As is seen from Fig. 11, the methyl vinyl sulfide molecule is an
ensemble of four types of rotamers corresponding to four types of
stationary states, namely, planar cir-states (1), gauche-states with
rotation angles about the C ^ - S bond of 132±3 ° (2), the states
above the //ww-barrier fquasi'-frans-states) associated with a
large amplitude intramolecular mode having the equilibrium
position in the planar trans-form (J), and the states of free
rotation (¥). The bands of the gauche- and 'quasi'-frans-states
seem to differ somewhat in frequency, therefore, the width of the
band at 1581 cm"1 is, on the average, 1.35 times larger than that
of the band at 1571 cm-1 . A maximum in the potential curve
corresponding to the planar j-<rons-conformation is typical of the
methyl vinyl sulfide molecule. The barrier separating the gauche-
forms is equal to 2.5-2.9 kJ mol"1.129 There are two or three
energy levels in the potential well of the gawc/ie-confonner. The
energy difference between lower gauche- and cw-levels
(3.8-4.2 kJ mol~ •) differ substantially from the formal enthalpy
difference of rotamers obtained on the basis of the static model of
rotational isomerism (6.1 kJ mol-1). The barrier to cis-gauche-
transition is equal to 9.8-10.6 kJ mol-1 .

Optimal parameters of the potential F* were obtained,129

which correspond to the minimum of the fitness criterion F

n i / 2
f?\ VgoucheJ «p

n
J J

Thevalueof V\ = 2.7±0.1 kJ m o l - 1 means that the energy of
the interaction between the lone electron pair on the sulfur atom
and jc-electrons of the double bond differs for planar cis- and
/raws-conformations. The interaction is more effective for the cis-
form than that for the frams-rotamer. A value of
Vi = 7.9±0.8 kJ mol"1 is an average estimate of the interaction
energy. The value of K3 = 6.3±0.4 kJ mol- 1 appeared to be
unexpectedly high, probably, due to hybridisation intermediate
between sp2- and sp3-hybridisations of the sulfur valence elec-
trons.

The potential function for methyl vinyl sulfide (Fig. 11)129 is
qualitatively similar to that of ethenethiol (Fig. 5).40 The barriers
to cis -gauche-transitions are practically the same, while the
barrier separating two gauc/ie-forms is significantly higher for
methyl vinyl sulfide (2.9 kJ mol-1) than that for ethenethiol
(0.14 kJ mol-1). As a result, there are several (2 or 3) energy
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levels in the potential well for the ga«c/i«-conformer of methyl
vinyl sulfide.

The spatial structure of methyl vinyl sulfide was the subject of
semiempirical and ab initio calculations. Semiempirical calcula-
tions were used for the analysis of the correlation between the
structure of sulfur compounds and their various experimental
characteristics such as electronic and PE spectra, and dipole
moments. An analysis of publications 4I of this type leads to the
conclusion that the interaction between the lone electron pair on
the sulfur atom and the double bond 7t-electrons should be taken
into account to interpret practically all the experimental data.
CNDO/2 calculations of methyl vinyl and divinyl ethers and
sulfides have been performed in sp and spd approximations in
order to compare the electronic transfer effect through the hetero
atom.134 It was concluded that the transfer is more effective in the
case of the sulfur atom due to pn-dn interaction. Vacant orbitals
were taken into consideration in the calculation though the
question of whether it is necessary to include these into the basis
set is still being debated.135-136 For vinyl sulfides, the passage from
the sp to the spd approximation leads to a basically different
conclusion on the nature of the sulfur atom: the sulfur atom is a it-
donor within the sp basis, while it becomes a ic-acceptor within the
spd basis.134 The CNDO/2 calculation in the sp approximation
yielded the energies of cis- and fro?w-conformers for ^-substituted
methyl vinyl sulfides (XCH = CHSMe, X = Me, OMe, SMe)137

with a fixed geometry.121 It was shown that the cir-ro tamer is more
favourable in energy. The energy differences between conformers
are as follows: 2.8, -3 .6 , and 2.4 kJ mol"1 for X = Me, OMe,
and SMe, respectively. The corresponding enthalpy differences
obtained from the equilibrium constants are 1.9 kJ mol"1 ,
9.9 kJ mol"1 , and 2.8 kJ mol-1.137 An analysis of the interac-
tions in XCH = CHX (X = OMe, SMe) has been carried out by
the CNDO/2 method.138 For these systems the fra/w-conformer
appeared to be more favourable than cis-conformer. The calcu-
lated conformer energy differences are: 20.4 and 1.7 kJ mol"1 for
X = SMe and OMe, respectively.

Considerable progress has been made in the analysis of
conformational transitions in a,f)-unsaturated sulfides using ab
initio calculations. The efficiency of these calculations depends
upon the approximation used, upon the type and set of the basis
functions, ab initio Calculations are used for the analysis of the
role of nd- AOs in the formation of chemical bonds by the sulfur
atom in different valence states. It was concluded135 that a
meaningful, in quantitative terms, population of the 3d-AO is
observed only for compounds with an increased coordination
number of sulfur. The authors I35 believe that the 3rf-AOs should
be always taken into account as polarisation corrections in ab
initio calculations; for compounds with a higher valence, they
might play the role of real orbitals. The solution of a conforma-
tional problem requires that sulfur 3rf-AOs should also be
included in the basis for the correct representation of the wave
function geometry.

Potential functions for internal rotation about the C,_2— S
bond for vinyl sulfides have been obtained by ab initio calcula-
tions.47- 48,92,123,139 jjjg i n t e r n a i rotation potential for methyl
vinyl sulfide was shown to depend strongly on the basis set used
(Fig. 12).47-48 The cis-conformation was found to be the more
stable regardless of the basis used, whereas the next conformation
might be either trans- (STO-3G) or gauche-form with different
values of the CCSC torsional angle (3-21G, 44-31G). The
potential obtained by the MM method is analogous to that
calculated within the 44-31G basis.48 For a long time, the
preference of the cis-conformer in methyl vinyl sulfide and in
methyl vinyl ether was considered as an experimental fact. Later in
theoretical studies,95-14°-141 it was suggested that the preference
can result from the interaction between the a-orbitals of two
methyl hydrogen atoms and Jt-orbitals of the double bond. In the
range of franj-conformation in the potential curve of methyl vinyl
sulfide, there is a small maximum separating two gauche-forms
(Fig. 12).47 The barrier height is equal to 0.84 kJ mol-1 , which is

E/kJ mol-1

120 Wdeg

Figure 12. The potential functions of internal rotation about the C^ -S
bond in vinyl methyl sulfide.48

The method of calculation: (7) STO-3G, (2) 44-31 G, (5) 3-21 G, (4) MM.

insufficient for the existence of a stationary state of the gauche-
type.

The energy differences calculated for methyl vinyl sulfide
conformers, 2.9 kJ mol-1 (44-31G),47 0.8 kJ mol"1 (3-21G),48

and 0.8 kJ mol-1 (MM),48 are markedly lower than the experi-
mental values obtained from the IR spectra (4.9 kJ mol""1 and
6.7 kJ mol-1).124-129 A higher value (9.6 kJ mol-1) is obtained
from a temperature dependence study of the PE spectra of methyl
vinyl sulfide.132 Electronography 42-121 gives the energy difference
as close to zero.

5. Allenethiol and allenyl sulfides
ab initio Calculations for allenethiol and allenyl methyl sulfide
have been performed.47 The calculation for allenethiol within the
STO-3G basis47 revealed two stable forms, cis and trans. The
potential curves of internal rotation for allenethiol and ethene-
thiol are similar. The conformer energy differences for these
molecules are practically the same and are equal to
~4 .6kJmol - ! . 4 7

The calculations for allenyl methyl sulfide and methyl vinyl
sulfide within the STO-3G and 44-31G basis sets give similar
results.47 Both calculations predict the greater stability of the cis-
conformation for allenyl methyl sulfide. According to the calcula-
tion within the STO-3G basis, the next conformation is trans,
while the calculation within the 44-31G basis gives a gauche-
conformation as the next stable one (Fig. 13). The internal
rotation potential curve for allenyl methyl sulfide is more
flattened (44-31G, Fig. 13) than that for methyl vinyl sulfide
(44-31G, Fig. 12), and the energy maximum corresponds to a
dihedral angle of 65-70°. The rotational barrier for allenyl
methyl sulfide is 5.5 kJ mol"1 , which is 3.3 kJ mol- 1 lower than
that for methyl vinyl sulfide (8.8 kJ mol-1).

The corresponding barriers obtained in the STO-3G basis47

are 12.6 kJ mol"1 for allenyl methyl sulfide and 16.4 kJ mol"1

for methyl vinyl sulfide.
The energy minimum in the potential curve for allenyl methyl

sulfide corresponds to a torsional angle of ~ 120 °. In the range of

Figure 13. The potential functions of internal rotation for allenyl methyl
sulfide.47

The method of calculation : (7) STO-3G, (2) 44-31G.
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ftwu-conformation, there is a low barrier of 4.2 kJ mol"1

separating two gauche-forms. The energy difference between cis-
and f/ww-conformers is higher for allenyl methyl sulfide than that
for methyl vinyl sulfide (4.6 kJ mol"1 and 1.2 kJ mol"1 in the
STO-3G basis and 7.5 kJ mol"1 and 3.8 kJ mol"1 in the 44-31G
basis, respectively).47 This seems to be due to the difference in
spatial interaction between the Me group and the P-hydrogen,
which is of a repulsive character in methyl vinyl sulfide and is
absent in allenyl methyl sulfide.

ab initio Calculations47 predict two stable conformers for
allenyl methyl sulfide. PE spectroscopic data and semiempirical
quantum calculations of allenyl methyl sulfide suggest two planar
conformers, cis and trans.X06 At the same time, an electrono-
graphic investigation of allenyl methyl sulfide indicates only one
planar cw-conformation.102 The same follows from the 'H NMR
study of alkyl allenyl sulfides.103

6. Methyl vinyl selenide and methyl vinyl telluride
Analysis of vibrational spectra of methyl vinyl selenide and methyl
vinyl tellurides suggests the presence of rotational isomers: it
makes it possible to estimate the torsional angles between the
CXC and XCC planes (X = Se, Te) and to assess the degree of
interaction of the heteroatom with the double bond. Band
assignments in the IR and Raman spectra of methyl vinyl selenide
and methyl vinyl telluride were proposed based on a normal
coordinate analysis.142"144 The starting point for the discussion of
the spectra of the molecules under study was a normal coordinate
analysis of methyl vinyl sulfide and its deuterio-isotopomers.127

The force fields of the vinyl and methyl groups of these molecules
are mutually transferable, which indicates that their electronic
structures are similar. While the force constant matrices are
consistent, the frequencies of C - X modes differ significantly,
which might be due to the difference in heteroatom masses,
geometry and force constants of the C—S —C, C—Se—C, and
C—Te—C groups. The CiV local symmetry of the methyl group
breaks down127> 142> 143 in the case of methyl vinylchalcogenides.
Analysis of the IR spectra of liquids and solutions in a tempera-
ture range of 193 - 353 K allowed one to suppose that methyl vinyl
selenide142-145>146 and methyl vinyl telluride143-l47-14S have rota-
tional isomers.

Normal vibration frequencies calculated for various values of
the CXCC torsional angle were correlated with the experimental
frequencies.142'143 The bending <5(XCC) and c5(CXC) modes are
sensitive to changes in the torsional angle. Rotational isomers
should manifest themselves most distinctly in the range of the
stretching v(CXC) modes. Unfortunately, in the case of methyl
vinyl selenide,it was impossible to analyse the frequency changes
in this region due to the overlap of bands of the stretching (CSeC)
and out-of-plane bending (Se—C,^ — H) modes.142

According to the calculation for methyl vinyl telluride, the
500-600 cm"1 region should contain the bands due to out-of-
plane bending modes of the vinyl group as well as the symmetric
and antisymmetric stretching C—Te modes. Only one band is
observed in the IR (at 519 cm"1) and Raman spectra (at
530 cm"1) of liquid methyl vinyl telluride at 298 K, whereas in
the IR spectrum143 of a CS2 solution of methyl vinyl telluride at
193 K, this band is composed of three components at 512,521, and
527 cm"1 . The band due to double bond stretching vibrations
appears as a doublet with absorption maxima at 1582 cm"1 and
1585 cm"1 for methyl vinyl selenide and 1572 cm"1 and
1577 cm"1 for methyl vinyl telluride (in heptane solutions). The
temperature dependence of the relative intensities of doublet
components is analogous to that for methyl vinyl sulfide.129 The
intensity of the low-frequency band decreases, and that of the
high-frequency band increases with a rise in temperature. Obvi-
ously, the doublet nature of the v(C = C) band of methyl vinyl
selenide and methyl vinyl telluride is due to the presence of several
rotamers in solution.

The enthalpy and entropy differences have been calculated147

for rotamers of methyl vinyl telluride: AH = 4.6 kJ mol"1,

A5= -11.1 J K" 1 mol"1 . The AH value reflects the lowering
of the rotational barrier from sulfur to tellurium. The high-
frequency doublet component in the spectra of methyl vinyl
selenide and methyl vinyl telluride corresponds, as for methyl
vinyl sulfide, to several rotamers with large amplitude torsional
motion or with above-barrier free rotation. A significant AS value
indicates the presence of a large number of stationary energy levels
coresponding to the high-frequency absorption band.

The data presented point to a similarity of the conformational
structures of methyl vinylchalcogenides. It is reasonable to
suppose that the low-frequency doublet component in the spectra
of methyl vinyl selenide and methyl vinyl telluride, as in the case of
the corresponding sulfide, belongs to the planar j-cw-form. This is
confirmed by comparison of half-widths of the high-frequency
doublet components.129-l42-147 The half-widths of the low-fre-
quency components are virtually the same for all the chalcoge-
nides considered, whereas the half-widths of the high-frequency
doublet components are different: 5.5cm"1 for methyl vinyl
telluride, 8.0 cm"1 for methyl vinyl selenide, and 10.2 cm"1 for
methyl vinyl sulfide. Evidently, the high-frequency doublet
component of methyl vinyl telluride belongs preferentially to one
type of stationary state. Apparently, the contribution of the p,n-
interaction stabilising planar conformations is less, and the barrier
separating two gauc/ie-forms seems to be higher for methyl vinyl
telluride than those for methyl vinyl sulfide.

In order to solve the problem of possible p,7t-interaction in
methyl vinyl telluride and methyl vinyl sulfide, the conformational
energy has been calculated as a sum of energies of interaction
between atoms separated by more than two bonds147 and energies
of bond angle strains.149"151 The dependence of the conforma-
tional energy on the angle of rotation about Cjp2 — Te and C,y — S
bonds is presented in Fig. 14. It is seen that steric hindrance is
practically absent in the s-cis-form of methyl vinyl telluride. The
difference in the energies of steric hindrance between the planar
cis- and trans-forms is 0.7 kJ mol"1 (for the sulfide it is
4.4 kJ mol"1). The planar s-cis-form in methyl vinyl telluride is
stabilised by electronic interactions of the same type as in the case
of methyl vinyl sulfide, i.e. due to p,jc-interaction. The energy of
this interaction is 5.3 kJ mol ~ ' , which is twice as low as the energy
of the same interaction in methyl vinyl sulfide (10.4 kJ mol"1).

Thus, investigations of rotational isomerism in vinyl chalco-
genides have revealed unexpected, and remarkable in many
respects peculiarities of their molecular and electronic structure.
Alkyl vinyl chalcogenides have two qualitatively different types of
stable conformers. One of them is characterised by a definite
torsional angle and small deviations from the global minimum of
potential energy. The other is associated with a large amplitude
relative motion of the fragments of the molecule within a
flat-bottomed potential well. This motion can include more than
one minimum in the internal rotation potential curve.

180 <p/deg

- 1 -

Figure 14. The dependence of the energy of steric strain on the angle of
internal rotation for vinyl methyl telluride (1) and vinyl methyl sul-
fide (2).147 For the planar s-trans-iorm q> = 0.
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HI. Rotational isomerism in divinyl chalcogenides

The presence of two unsaturated fragments in the immediate
vicinity of the heteroatom in divinyl chalcogenides poses new
problems of the competition in the interaction of the double bond
ju-electrons with the lone electron pair, of the possibility of a
'through' conjugation of the 7t-systems of the vinyl groups, and of
a correlation between the barriers to internal rotation in alkyl vinyl
and divinyl compounds. The most comprehensive information
about rotational isomerism in divinyl chalcogenides can be gained
from the potential surface composed as a function of angles of
rotation about C ^ - X bonds. In the case of divinyl chalcogenides,
the internal rotation potential energy surface should be considered
not only as source of information on rotational isomerism, but as a
tool for a search for the stationary states corresponding to changes
in the internal molecular coordinates.

A method of build up and analysis of potential energy maps
was used to determine the number and the nature of rotational
isomers of divinyl chalcogenides.5 The most essential component
of the potential energy, the energy of steric hindrance, was
calculated by the MM method (Table 2).5

Table 2. The energies of steric strain Un in various conformations for
molecules CH2 = CHXCH = CH2 (X = O, S, Se, Te).5

Conformation

A (trans-trans)
B (cis-trans, planar)
C (cis-trans, deviation by 15 °)
D (cis-cis, planar)
E (cis-cis, deviation by 38 °)
F (cis-cis, deviation by 45°)

£/n/kJmol

O

3.8
14.5
11.3
52.7
9.4
7.6

— 1

S

2.5
12.9
9.0

53.5
5.3
3.2

Se

2.0
8.4
5.5

41.4
2.7
1.3

Te

1.8
5.1
3.2

31.8
1.0
0.3

1. Divinyl ether
Electron diffraction study of the molecular structure of divinyl
ether has led to the conclusion that the planes of the double bonds
are turned by about 20 ° relative to the plane of the symmetrical
ftw«-fra/w-conformation.152 However, the analysis of MW
spectroscopic data for divinyl ether 153~ l55 revealed a non-planar
cis-trans-conformer. A deviation from the planar structure is
supposed to be due to strong repulsion between the hydrogen
atoms in the a- and P-positions of the trans- and cis-vinyl groups,
respectively. The special feature of the ew-ftww-conformation is
the existence of a tunnel transition through an insignificant
potential barrier, which manifests itself as a splitting of rotational
transitions.154 Taking into account tunnel splitting of rotational
transitions made it possible to increase the accuracy of the
calculation of frequencies of cis- and frans-conformers in the
MW spectrum of divinyl ether.155

A study of the vibrational spectra of gaseous and liquid divinyl
ether has provided evidence for the preferential planar cis-trans-
conformation of Cs symmetry, however, the possibility of the
existence of a second, less stable conformation having no
symmetry elements (Ci) is also not ruled out.156 Divinyl ether
was shown157 to exist as an equilibrium mixture of two confor-
mers with an energy difference of 2.5 kj mol"1. Analysis of
relative band intensities in the IR and Raman spectra and line
polarisability in the Raman spectra leads to the conclusion that
the planar trans— tranj-conformer is the most stable, while the
second conformer has no elements of symmetry.157 An investiga-
tion of the band shapes of the COC stretching modes in the IR
spectrum of gaseous divinyl ether has been performed158 based on
a theoretical simulation of profiles of these bands in different
conformers. At 300 K, divinyl ether was shown to contain 80% of
cis-trans-conformer with torsional angles of 13° and 145° and
20% of trans-trans-conformer.

ab initio Calculations have been carried out in order to
investigate rotational isomerism in divinyl ether.157"160 Two
stable conformations have been predicted:157 the first energy
minimum corresponds to the trans-trans-form, and the second
belongs to a non-planar conformation with torsional angles of
135° and 20°. A potential energy map has been constructed for
divinyl ether,159 and three stable conformations have been
predicted corresponding to the potential energy minima of 0,
11.4, and 10.0 kJ mol~' (Fig. 15). These conformations are non-
planar cis-trans- (torsional angles 147.4° and —17.4°; Ci),
planar trans-trans- (torsional angles 180°, 180°; C^v), and near-
planar cis-cis- (torsional angles 31.5° and 31.5°; C2). The
conformer geometry was optimised159 within the STO-3G basis,
relative energies were optimized within the basis 4-31G. The
geometry of cis-cis-, trans—trans-, and cw-cw-conformers of
divinyl ether were obtained by a gradient method within the 4-31G
basis.158 The difference in the conformer energy (0; 6.6, and
4.5 kJ mol"1 , respectively) differ from those obtained in another
study.159 The calculation of divinyl ether within the 6-31G** basis
yielded two stable conformers:160 a near-planar cis-trans-con-
former as the most energy-favourable and the planar trans-trans-
conformer with an energy difference of 1.5 kJ mol ~ ' .

A steric hindrance map for divinyl ether obtained by the MM
method is given in Fig. 16.3 The steric hindrance energy was
calculated by varying <p\ from 0 ° to 360 ° and q>i from 0 ° to <p\
withastepofl5°(<)!M and q>2 are the rotation angles of the first and
the second vinyl groups relative to the planar cw-cw-structure,
respectively). A minimum of steric hindrance (—5.65 kJ mol"1)
belongs to a non-planar form, which results from the trans - trans-
conformation by rotating two vinyl groups in opposite directions
by an angle of about 75 ° (Fig. 16). Steric hindrance energies for
other conformeations are listed in Table 2.

The potential energy for different conformations of divinyl
ether was calculated as a sum of energies of steric hindrance and
/>,7c-interaction. The values obtained from the ab initio calculation
for methyl vinyl ether 94 were used as />,jt-interaction energies for
divinyl ether. Analysis of the potential energy map for divinyl
ether (Fig. 17) shows that there are three different conformations
corresponding to the minima of potential energy. In two non-
planar quasi-degenerate trans-trans-forms, the vinyl groups
deviate from the COC plane by (pi = 130°, <p2=130°, and
<pi = 130°, (p 2=-130° (energy -26.1 kJ mol-1). In a non-
planar cis- trans-form, the rotational angle of one vinyl group is

0° 60° 120° 180° 240° 300° 360°

60°

120°

180°

240°

300°

360°

Figure 15. The map of the potential surface for the internal rotation in
divinyl ether.159
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180° 120° 60° 0° -60° -120° -180'

120°

-60°

-120"

-180°

Figure 16. The map of steric hindrance energy for divinyl ether.3

about 10° and that of the other about 50° (energy
— 28.0 kJ mol"1). These forms are separated by a barrier of
-20.9 kJ mol"1 . The potential map (Fig. 17) does not take into
consideration either effects connected with competition for the
interaction of the double bond n-electrons with the lone electron
pair of the oxygen atom or 'through' conjugation.

180° 120° 60° 0° -60° -120° -180 '

-60°

-120°

-180°

Figure 17. The map of potential energy for divinyl ether.3

2. Divinyl sulfide
The molecular structure of divinyl sulfide was studied by gas
electronography.161 Only one cw-tra/w-conformer with CSCC
torsional angles of 32° and -148° having no elements of
symmetry was detected in gaseous divinyl sulfide at room
temperature. The basic structural parameters of the molecule are
as follows: r (C-S) = 1.758 A, r(C = C) = 1.342 A; angles CSC
101.8°, SCC 123.7°. Similar torsional angles were obtained by
the MM method (38°, 1240)48 and by an ab initio calculation
within the 3-21G basis (18° and 116°).48 Low accuracy in the

electronographic determination of some structural parameters for
divinyl sulfide is probably due to large-amplitude intramolecular
motion. Therefore the presence of a second (minor) conformer
cannot be ruled out.

Rotational isomerism in divinyl sulfide was also studied by
vibrational spectroscopy.162"164 Analysis of the temperature
dependence of intensities of the bands sensitive to conformations
in the spectra of gaseous, liquid, and solid divinyl sulfide shows the
presence of two conformers.163 There is a dynamic equilibrium
between the cis-trans- and trans -frans-conformations in liquid
and solution, and in the crystal state only the planar trans-trans-
conformation exists.163 The conformer enthalpy difference is close
to zero. Theoretical vibrational spectra of stable conformers of
divinyl sulfide have been calculated160 within the 6-31G** basis.
The calculations showed that a non-planar trans-trans-confoi-
mer is the most favourable, a cis - frww-conformer is the next, in
which the vinyl group deviates from the CSC plane by 20 °; the
energy difference between these conformers is 0.71 kJ mol - 1 .The
populations of the individual trans- ftww-conformer at 300 K was
calculated to be 57% and that of the cis-frans-conformer, 43%
(Table 3).

Table 3. Calculated energy differences and populations for conformers of
divinyl chalcogenides.160

Compound
/kJmol - 1

Statistical
weight

Population at 300 K

calculation experiment

(CH2CH)2O
trans-trans
cis-trans

(CH2 = CH)2S
trans-trans
cis-trans

(CH2 = CH)2Se
trans-trans
cis-trans

(CH2 = CH)2Te
trans—trans
cis-trans

+ 1.46
0.0

0.0
+ 0.71

0.0
+ 0.1

0.0
+ 2.26

1
2

2
2

2
2

2
2

22
78

57
43

60
40

71
29

20"
80

50b

50

"The data of Ref. 158;b the data of Ref. 155.

The internal rotation potential curves for divinyl sulfide have
been calculated within the STO-3G and 3-21G basis sets and by
the MM method with a fixed truns -ftYww-conformation of one
vinyl group (Fig. 18).48 These potential functions differ signifi-
cantly from those for ethenethiol (Fig. 4)40 and methyl vinyl
sulfide (Fig. 12).48 The calculation in the STO-3G basis reveals
the trans— franj-conformation to be the most stable. Two stable
conformations, very similar in energy are obtained in the 3-21G
basis and by the MM method: cis-trans- (0° and 120°, C,
symmetry) and cis-cis- (120° and 120°, C2 symmetry).48 AE
values for the conformers calculated by these methods differ
significantly: 5 .0kJmol - ' (3-21G) and l J k J m o l - 1 (MM).
The results obtained by the MM method are believed48 to be
more reliable because the dipole moment (1.48 D) calculated by
the MM method fits better the experimental value of 1.07 -1.2 D
than that calculated within the 3-21G basis (1.9 D).

The conformational energy of divinyl sulfide was calcu-
lated5-140 as the sum of contributions of the />,jc-interaction
stabilising the planar arrangement of each o f t h e C - S - C = C
fragments and the steric hindrance (Table 2). Minimum steric
hindrance is unique to the non-planar trans-trans-form with a
deviation of the vinyl groups to the both sides of the CSC plane by
an angle of ~ 80 ° The planar cis - cis-torm has a hindrance energy
of 53.5 kJ mol"1 (Table 2). Rotation about the C—S bonds in the



Spatial and electronic structure of vinyl and allenyl chalcogenides 1021

<p/deg

Figure 18. The potential functions of internal rotation for divinyl sulfide
(<p2 = 180V 8

The method of calculation : (1) STO-3G, (2) 3-21G, (5) MM.

opposite direction by less than 30 ° results in a conformation in
which steric hindrance changes into stabilization due to Van der
Waals interaction.

Quantitative estimation of the /^ - in te rac t ion energy in
divinyl sulfide was determined1 4 0 from the known internal
rotation potential curve for methyl vinyl sulfide.129 A part of the
internal rotation potential of methyl vinyl sulfide was used in the
calculation of the potential energy map for divinyl sulfide:

V(<p)=Vi
— cos<p

+ v2
— cos2<p

where cp is the torsional angle of the rotation about the C,^ — S
bond for methyl vinyl sulfide; Vi is the first-order barrier
connected with the cw-preference; V2 is the second-order barrier
numerically equal to a half of the/>,7t-interaction energy; V3 is the
third-order barrier due to hybridisation of the lone electron pair of
the sulfur atom, which is intermediate between sp3- and sp1-
hybridisations. Since the cw-preference in divinyl sulfide mole-
cules cannot take place, the p,7t-interaction energy can be
described by the equation:

_ v (1 — COS2(JO, 1 — cos2<p2 \

2 + 2 J +

, 1 - cos3y2 ^

2 ) '

where V2 = 7.9±0.8 kJ mol- 1 and V3 = 6.3± 0.4 kJ mol - 1

0° -60° -120° -180°

The potential energy map for divinyl sulfide is presented in
Fig. 19. The planar trans-trans-form corresponds to a local
maximum rather than to the minimum of potential energy. Two
more favourable quasi-degenerate forms have virtually the same
energy and correspond to torsional angles q>\ = \yi°, 92=137°
{trans-frans-conformer A) and q>\ = 137°, q>2= —137° (trans-
trans-conformer B). There is also a local minimum at <pi = 125 °,
q>2 ~ 0 ° (cis-frons-conformer C). The latter conformer is
0.84 kJ mol"1 less preferential than the former ones.

Complete understanding of rotational isomerism requires that
excited states be taken into account. In the range of excitation
energies up to 8 kJ mol~', there are states in the divinyl sulfide
molecule in which torsional angle varies within the limits from
- 9 0 ° to +90° relative to the trans-/rani-conformation.140 The
stationary state D includes simultaneously potential wells of both
fra/w-fra/w-conformers A and B. Here, large-amplitude intra-
molecular motion takes place and the above-barrier states are

180'

120°

60'

-60° -120° -180°

Figure 19. The map of potential energy for divinyl sulfide.1''0

-60'

-120°

-180°

Figure 20. The stationary states of internal rotation 14° for divinyl sulfide:
(a) type D with the energy to 8.0 kJ mol"1, (ft) type E with the energy
above 8.0 kJ mol-1.
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becoming occupied. In this range of excitation energies, along
with the stationary states of the D type (Fig. 20 a), excited states of
the cis - trans-conformei C localised near the potential energy
minimum are realised.

At excitation energies above 8 kJ mol"1 , the stationary state
includes conformations that can have, with a few exceptions,
practically any values of torsional angles <p\ and q>2 (stationary
states of the E type, Fig. 20 A).140 Complete equivalence of the
double bonds is characteristic of all the stationary states, except
for the cis- frww-conformer C in which one of the vinyl groups is
practically not involved in the/>,n-interaction.

Hence, the potential as a function of the internal rotation
about the Cjp2 — S bond for methyl vinyl sulfide was transferred
(with some corrections) to the rotation about analogous bonds in
the divinyl sulfide molecule.140 Five types of stationary states have
been characterised (A-E) , two of which have no analogues
among stable conformers in a classical sense.

3. Divinyl selenide and divinyl telluride
In this section, the published data on the structure of divinyl
selenide and divinyl telluride are presented.4-5- 144- 16°-16S Theoret-
ical vibrational spectra of these molecules have been obtained,160

the analysis of which revealed two stable non-planar trans-trans-
and cw-fra/w-conformations. The conformer energy differences
and their populations at 300 K are listed in Table 3. A proportion
of the more stable trans - trans-confonaev increases with increase
in the mass of chalcogenide. For divinyl sulfide and divinyl
telluride, the trans- frww-conformer is preferential in energy.
Recently the IR spectra of divinyl telluride in the gas, liquid, and
solid states and the spectra at low temperatures in various matrices
(argon, nitrogen, xenon, and krypton) have been measured and
the bands sensitive to conformations have been found.160

It is interesting to compare the geometrical parameters of
conformers for divinyl chalcogenides.160 With an increase in the
chalcogenide mass, the C—X bond length increases and the
C—X—C angle decreases, the angle is somewhat less in the
trans- fra/w-conformer than that in the cis- trans-conformer.

Potential energy maps were obtained for divinyl selenide and
divinyl telluride: they were constructed as functions of rotational
angles about C ^ — X (X = Se, Te) bonds.5 The steric hindrance
energies calculated for different conformations by varying the
angles q>\ from 0 ° to 360 ° and cp2 from 0 ° to <p\ with a step of 15 °
are presented in Table 2.

For all the chalcogenide conformations, steric hindrance
energies vary in the series O > S > Se > Te. Of the two structural
factors, bond lengths and bond angles, exerting opposite influence
on steric hindrance, the key role belongs to the increase in the
C—X bond lengths. For all vinyl chalcogenides, the planar cis-
cw-conformation (D) is the most sterically hindered (Table 2), the
trans-trans-form (A) is the least hindered. The steric hindrance
energy of the non-planar cir-cw-conformation (F) for divinyl
sulfide, divinyl selenide and divinyl telluride is close to, or is lower
than that of the trans-trans-confonaer (A), and only for divinyl
ether is it twice higher (Table 3). This conformation results from
the planar cw-cw-form by rotating the vinyl groups to the
opposite directions by an angle of 45 °.

Thus, the potential energy maps for divinyl chalcogenides give
a comprehensive idea of the steric structure. The potential of
internal rotation about the C ^ — X bonds (X = O and S) in alkyl
vinyl chalcogenides can be transferred (with some corrections) to
the rotation about analogous bonds in the corresponding divinyl
chalcogenides. The latter exist as three non-planar stable con-
formers: two quasi-degenerate trans-trans- and one cis-trans-
conformer. A complete picture of rotational isomerism in divinyl
chalcogenides involves not only the ground, but also excited
vibrational states, which are characterised by large-amplitude
intramolecular motion encompassing more than one local
minima in the potential energy map.

IV. Electronic structure of vinyl and allenyl
chalcogenides
1. Photoionisation of vinyl ethers
Interesting and important regularities have been established on
the basis of photoelectron investigations of organic com-
pounds.166 Ionisation potentials of organic molecules depend
significantly on the structure of substituents at the atom ion-
ised;167-168 within one class compounds, these are dictated
exclusively by the inductive effect.168"171 However, ionisation
processes should also be very sensitive to other intramolecular
effects of the structure. In particular, considerable contributions
to the ionisation energy might be expected from the interaction of
a cation radical with neighbouring double bonds and heteroa-
toms. These contributions can be identified and measured as
deviations from a regression line reflecting the relationship
between the ionisation potential and inductive effect (for exam-
ple, by sums of the substituent a* constants). Adiabatic ionisation
potentials have been obtained for a series of vinyl ethers by the
photoionisation method.1-172 By analogy with alcohols and other
classes of compounds 168~171 in which a linear dependence of the
ionisation potential on the a* constants is quite unambiguous, a
variation of ionisation potentials in the series of vinyl ethers can be
supposed to originate primarily from the inductive effect. The
correlation between the adiabatic ionisation potentials (V) and
substituent inductive constants (Zff*) is presented in Fig. 21; the
correlation parameters are somewhat different for saturated
(dialkyl and cyclic) (line 1) and divinyl (line 2) ethers.

//eV

10.8 •

9.2

7.6
-0.6 0.2 £'*

Figure 21. The correlation of ionisation potentials (/) of ethers with
inductive constants of substituents Q2 "*)•172

(1) aliphatic and cyclic ethers, (2) vinyl ethers.

The independent correlation for alkyl vinyl ethers can be
explained172 by/j,7t-conjugation in the radical cation. An energy
gap separating lines 1 and 2 indicates an inequivalence in the
coupling of the oxygen AOs with the orbitals of the sp2- or sp3-
hybridised carbon atoms. Correlation processing points against
multiple correlations with three arguments (2(7*, An, and Es) for
diorganyl and vinyl ethers.1-172 One of the reasons for the
uncertainty of the regressions is a strong dependence between the
arguments.

Analysis of the correlation / = f(2<7*) has shownx-172 that
other effects do not manifest themselves as distinctly as the
inductive one. The deviation of the points exceeding significantly
the accuracy of the ionisation potential measurement indicates a
contribution of structural effects.1-172 It cannot be ruled out that
steric interactions might contribute. A linear dependence of the
second ionisation potential (h) for alkyl vinyl ethers on the
ionisation potentials of a standard series of alkyl iodides 7RI I73

and the existence of two different curves for compounds with
linear (Me, Et, Bun) and branched (Pr', Bus, Bu') substituents has
been found.68 It was explained by a change in the conformational
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state of the vinyl ether with the introduction of a bulky substi-
tuent.

2. PE spectra of alkyl allenyl ethers
PE spectra of alkyl allenyl ethers '"s, 112,174-176 have been studied
and interpreted on the basis of the orbital energy values calculated
by semiempirical and ab initio methods. The electronic structure
of alkyl allenyl ethers was compared with that of alkyl vinyl
ethers.175 The latter are formal analogues of alkyl allenyl ethers
except for the fact that the allenyl fragment comprises two
orthogonal n-systems. The electronic structure of alkyl allenyl
ethers is fully dictated by the interaction of the lone electron pair
on the oxygen atom with the 71-electrons of the double bond. The
same interaction affects the steric configuration and, to some
extent, the relative stability of the conformers.

The sequence of the n-type occupied molecular orbitals in
alkyl allenyl ethers is consideredl75 to be a result of the interaction
between the fragmentary Tt- and w-MOs. According to the orbital
correlation diagram (Fig. 22), four bands are expected to exist and
observed in the low-energy range of the PE spectrum 87> 93> 174-l75

(Table 4). In the spectra of allenyl methyl and allenyl ethyl ethers,
bands 1 and 2 have a fine structure, which corresponds to the
stretching C = C = C modes of the radical cation and is therefore
considered to be the vibrational structure.112-174 At the same time,
the structure of band 1 in the PE spectrum of allenyl methyl ether
is supposedlos to be associated with the presence of cis- and trans-
conformers. However, according to the gas electronography
data,102 the cw-conformation dominates at room temperature
(other conformers were not detected).

The low-energy band (8.77 eV) is assigned to the MO which
involves the/7,jt-interaction of the oxygen atom with the 7t-system
of the Ca = Cp bond. The next band (10.33 eV) corresponds to the
Tt-MO of the Cp = Cy allenyl fragment. Consecutive replacement
of the Me group by Et, Prn, Pr', Bun, and Bu' groups leads to a low-
energy shift of the first and second band maxima by 0.1-0.3 eV
(Table 4).

The third band in the spectra of alkyl allenyl ethers
(11.25-11.97 eV) belongs to the jti-MO, which is a bonding
combination of the oxygen lone electron pair and the JC-MO of
the d = Cp group.

The fourth band (12.28 eV) in the PE spectrum of allenyl
methyl ether results from the ionisation of the Jti and no(a) levels.
The MNDO calculation shows175 that a level deeper than that of
the JTI-MO corresponds to the lone electron pair on the oxygen
atom. For methyl vinyl ether, the band at 12.2 eV is assigned 69 to
the Ho(cr) level. For alkyl allenyl ether, this level is associated with
the band in the range of 11.5-12.3 eV.175 For allenyl methyl
ether, this band (12.28 eV) originates from the ionisation of a
nearly pure lone electron pair of the oxygen atom, whereas for
compounds with R = Et, Prn, Pr', Bun, and Bu1, a strong coupling
between the «o(o-)-MO and the acc-MO is observed. As the

Table 4. Vertical ionisation potentials for compounds
H2C = C = CHOR.175

11(11)

«(CT)

-C I I . N

\ n r > n2(s) \

'/////I//T77
•ni[n-n(n)]
n(a)

Me2O CH2 = C = CHOMe CH2 = C = CH2

R

Me
Et
Pr"
Bu"
Pr"
Bu'
CH2CH = CH2

Ionisation energy * /eV

/.(*>

8.8
8.7
8.6
8.6
8.6
8.6
8.8

10.3
10.2
10.2
10.2
10.1
9.9

10.0
10.4

11.9
11.7
11.5
11.4
11.4
11.25±0.1
11.9

12.3
11.9
seeb

seec

11.6
11.5
12.4

"The band assignment is given in parentheses; b a system of overlapping
bands with an overall maximum at 12.2 eV;c the same with a maximum at
12.3 eV.

substituent length and branching increase, the coupling efficiency
between the «o(cr)- and acc-MOs increases.175

Since the ionisation potential h for alkyl allenyl ethers is
analogous to h for alkyl vinyl ethers,69 the relationship between h
and the ionisation potentials for a standard series of alkyl iodides
(/RI) (/RI values were found by PE spectroscopy173) is also true:175

h = 163 eV, /w = 3.60 eV. r = 0.994, s0 = 0.03 (the standard
deviation so does not exceed the experimental error of ~0.05 eV).
For compounds with R = Pr', and Bu', the points deviate from the
regression line by a value approximately equal to so, therefore,
there is no reason to set apart these compounds from the series of
alkyl allenyl ethers (Table 4). The relationship 73 = f(/Ri) is
entirely determined by the inductive effect of the substituent. In
this case, no conformational effects are revealed. Since the
ionisation potentials of alkyl iodides are in turn linearly related
to the substituent inductive constants (ff*),169~171 which have a
more general character, the latter can be used for the correlation of
orbital energies.

An MNDO calculation of the angular dependence of orbital
energies (—ei) for allenyl methyl ether has been carried out
(Fig. 23).175 The E(TCI) value is rather sensitive to the departure
from planarity and is practically the same for s-cis- and s-trans-
conformations. Therefore, the existence of a common linear
dependence I3 = J{IJU) indicates that all the alkyl allenyl ethers
studied have a planar conformation. If for allenyl methyl ether it is
definitely s-cis-, then the s-frwu-conformation seems to be
favoured for CH2 = C = CHO-Bu'.

The comparison of total energies of possible conformers (cis-,
trans-, and gauche-) for alkyl allenyl ethers obtained by the

s,/eV

Figure 22. The correlational orbital diagram for the molecule
CH2 = C = CHOMe.175

Figure 23. The angular dependence of orbital energies (-£,) for
CH2 = C = CHOMe (the MNDO method):175 (1) «i(it3), (2) E2(TC2),
(J) <s3(iti), (-0 £4(0).
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MNDO method175 shows that the s-cis- form of the
C = C = C—O—R fragment is the most stable in compounds
with normal substituents. For compounds with branched sub-
stituents, the most stable conformation is the s-trans-form.

3. PE spectra of allenyl vinyl ethers
There are no published data on the electronic structure of allenyl
vinyl ether CH2 = C = CHOCH = CH2. In this connection, an
empirical band assignment in its PE spectrum m was based on
comparison of the spectrum with those of di vinyl ether and allenyl
methyl ether.175 The spectrum of allenyl vinyl ether contains five
well-resolved bands in the range of 8.0-16.0 eV (Table 5). The
first two bands have fine structure. As in alkyl allenyl ethers,112-174

the fine structure may be ascribed to the vibrational structure of
corresponding states of the cation radical. The next band of
allenyl vinyl ether has a distinct maximum at ~ 10.55 eV. The
fourth broad band seems to result from the overlapping of several
components with maxima at about 12.55 eV. The introduction of
a Prn substituent into the a-position of the allene group leads to a
shift of the band maxima by 0.3-0.4 eV.177

Table 5. Vertical ionisation potentials for allenyl vinyl ethers.177

R in compound Ionisation potential *

CH 2 = C = C(R)OCH = CH 2 7i(7i4) 72(TC3) 73(S2)

H
cis-cis
trans-trans

Pr-

CH2 = CHOCH = CH2

8.7
8.9
8.9
8.4

9.0

10.2
10.3
10.2
9.9

10.5

" Band assignment is given in parentheses.

/eV

10.6 12.5
10.3 12.8
10.3 12.9
10.2 (sh) 12.2

12.4

12.5
14.1
14.0
11.8(sh)

12.6

The orbital correlational diagram based on the interaction of
the fragmentary u-orbitals of ethene and the hypothetical allenyl
alcohol molecule was used for a quantitative analysis of the PE
spectrum of allenyl vinyl ether177 (Fig. 24). The sequence of one-
electron levels for allenyl vinyl ether was determined from the
MNDO data.177 (Fig. 24). The first band (714-MO) corresponds to
the HOMO composed of an antibonding combination of the lone
electron pair of the oxygen atom, rc-orbitals of the vinyl group
(jti-MO) and the Ca= Cp bond of the allene fragment (rc-MO).
The second band (10.22 eV) is associated with ionisation from the
7C3-MO, which has a node at the oxygen atom and is antibonding.
MOs of the vinyl (TCI-MO) and allenyl C a = Cp (TC-MO) groups

10.35 10.32
10.5i

13.83

13.92

12.86

14.02

CH2 = C = CHOH CH2 = CH2

CH2 = C = CHOCH = CH2

Figure 24. The orbital correlational diagram for hypothetical allenyl
alcohol, ethylene, and CH2 = C - CHOCH-CH2.177

contribute decisively to this orbital. A molecular orbital orthogo-
nal to the rest of the 7t-system (S-MO) gives rise to the third band
(10.55 eV). The fourth band with a maximum at 12.54 eV results
from ionisation from two MOs, a it-MO and an almost pure lone
electron pair of the oxygen atom, «o(<r). The J I I - M O is a bonding
combination of the lone electron pair of the oxygen and the
fragmentary MOs of the vinyl and allenyl Cot=Cp groups. Thus,
the structure and sequence of occupied 7i4-, 113-, and JII-MOS are
similar to those for divinyl ether177 (Table 5).

An MNDO calculation of orbital energies for planar con-
formations 177 has shown that the bands in the PE spectrum of
allenyl vinyl ether can be shifted by ~0.1 eV on transition from
the trans-trans- to the cis—ciy-conformation. The difference in
the orbital energy values for the cis-cis- and trans-trans-
conformations of allenyl vinyl ether is within the experimental
errors of the PE spectroscopy method (0.1 eV for potential
difference).

4. PE spectra of vinyl sulfides and selenides
The sequence of three higher occupied MOs of di alkyl sulfides and
selenides does not depend on the nature of the chalcogenide:178

nx(i>i) < cri(fl/) < a2 (6.2). The effect of the heteroatom is reduced
primarily to an increase in the energy of MOs and the contribution
of atomic orbitals of the element (X) to these MOs with an increase
in the element atomic number. Structural changes (chain length,
branching) of the substituent in each series lead also to the
expected effects.

The empirical approach to the low-energy range of PE spectra
of vinyl derivatives allowed one to conclude that the relative
arrangement of MOs in vinyl sulfides and selenides is practically
independent of the nature of the heteroatom and the structure of
the hydrocarbon substituent179 (Table 6, Fig. 25):
7t2<ttl< CTl <CT2 ( C H 2 = C H - X - A l k ) , 713 < CJl < TCl < <T2

(CH2 = C H - X - C H = CH2). On going from dialkyl sulfides

11 -

11 /(a,)/eV

Figure 25. The correlation of cr-MO energies for diorganyl sulfides (a)
and diorganyl selenides (£>).179

(7) Saturated, (2) unsaturated.
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Table 6. Vertical ionosation potentials for diorganyl sulfides and five-membered heterocyclic compounds.

R Ionisation energy /eV A/a Ref.

7t(or»tx) 11 t2 CTl CT2

(Pr-hS

Me2Se

o
Se

Et2Se

(PrO2Se

(Bu°)2Se

Q

8.3

8.4

8.1

8.2

8.0

8.0

8.9

11.3

10.9

10.7

12.7

11.9

11.6

1.4

1.0

0.9

178

178

178

Me2S 8.7

Q
Et2S 8.4

8.4 10.6 11.0 0.4 178

10.7 11.0 0.6 178

11.0 12.0 1.0 178

10.5 11.4 0.9 178

10.4

10.2

10.2

11.1

10.8

10.8

0.7

0.6

0.6

179

179

179

Se
Me Me

o
CH2 = CHSMe

(CH2 = CH)2S

Me Me

o
CH2 = CHSeMe
CH2 = CHSeEt
CH2 = CHSeBu'
(CH2 = CH)2Se

8.3

8.4

8.5

8.1

8.3
8.2
7.9
8.3

8.7

11.0

10.4

10.9

10.8
10.7
9.7

10.3

9.5 12.3 12.0 13.2 1.2 178

8.3 9.0 12.4 11.8 13.0 1.2 179

8.2 9.0 11.9 11.5 12.5 1.0 179

8.5 9.1 12.5 11.9 13.1 1.2 179

8.6 8.9 12.1 11.8 12.6 0.9 179

8.8 8.9 12.1 11.5 12.7 1.2 179

11.4 11.1 11.9 0.8 179

11.6 12.6 1.0 179

11.9 11.6 12.7 1.1 179

11.2 11.7 0.1 69

11.5

11.2
10.9
10.5
11.0

12.2
11.6
11.1
12.0

1.0
0.7
0.6
1.0

179
179
179
179

and selenides to unsaturated derivatives with the same number of concepts, which facilitate the assignment of the 'cr'-bands in the
atoms, the stabilisation of the <JI- and a2-MOs becomes non- PE spectra of alkyl vinyl and divinyl derivatives: i) the energy gap
equivalent, which indicates a different efficiency of coupling of the AIa separating the <n- and (T2-MOs does not exceed a limiting
element (S, Se) AOs with the orbitals of the sp2- and i/>3-hybridized value corresponding to the simplest representatives of the series
carbon atoms. These differences lead to a splitting of the depend- and decreases with an increase in the substituent size (Table 6);
ence 7(a2) = f[/(cTi)] into two parts. One dependence includes ii) there is a linear correlation between the CTI- and a2-MO
saturated and the other includes unsaturated derivatives (Fig. 25). energies, its parameters being somewhat different for saturated
Analysis of the energies of the MOs of saturated and unsaturated and unsaturated compounds of sulfur and selenium (Fig. 25).179

organyl sulfides and selenides allowed one to state two general
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Figure 26. The orbital correlational diagrams for sulfur saturated and unsaturated derivatives.179
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Figure 27. The orbital correlational diagrams for selenium saturated and unsaturated derivatives.179
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The HOMOs also have common features. Comparison of
dialkyl, alkyl vinyl, and divinyl sulfides and selenides shows that
the first vertical ionisation potential I\ (Table 6) practically does
not change due to a rather weak coupling of pz-AOs of a
heteroatom with fragmentary n-MOs. The localisation of the
orbital electron density mostly on the heteroatom and the
terminal Cp atom is typical of HOMOs (/i) of vinyl sulfides and
selenides. This order of electron distribution gives reason to
suppose that the transition from divinyl chalcogenides to satu-
rated heterocyclic derivatives of sulfur and selenium will be
accompanied by a strong stabilisation of the 7C3-MO in the
selenium derivatives. This is confirmed by the position of the
first band in the PE spectra of divinyl sulfide and thiophene. The
stabilisation of the J I 3 -MO leads to the inversion of the sequence of
the two higher JC-MOS. The PE spectra of divinyl selenide and
selenophene consisting of a system of overlapping bands, are less
indicative. Nevertheless, the mutual position of the first two bands
makes it possible to state that the passage from divinyl selenide to
selenophene results in, at least, quasi-degeneracy of the boundary
jt-MOs. The orbital correlational diagrams179 for saturated and
unsaturated sulfur and selenium derivatives indicate that the
passage from saturated to unsaturated compounds of sulfur and
selenium and to the corresponding cyclic structures leads to the
stabilization of a\- and CT2-MOS (Figs 26, 27).

For unsaturated sulfur compounds, comparison of results of
the empirical approach to the estimation of their orbital structure
with the results of the MNDO calculation (Table 7) shows that
qualitative and quantitative agreement was obtained for each
compound.179 Calculations have been made for equilibrium
planar s-cis-, s-trans-, s-trans-s-trans- (C2V) forms and a non-
planar cis- trans-form (Ci) of rotamers.179 it-MO energy differ-

Table 7. Theoretical and experimental assignment of bands in the PE
spectra of divinyl sulfide and related compounds.179

Compound

CH2 = CHSMe

CH2 = C = CHSMe

(CH2 = CH)2S

CH2 = C = CHSCH = CH2

o
s

Assignment

empirical

MO

7t2

H
CTl

CT2

1 3

12

11

CTl

CT2

13

12
CTl

H
CT2

14

13

1 2

CT,1

7ti J

CT2

_

/(/eV

8.4
11.0
11.6
12.6

8.3
9.7

10.9
11.8
13.3

8.5
10.4
11.6
11.9
12.7

8.3
9.9

10.3

12.0

13.2

MNDO

MO

I 2 a

H
CTl

CT2

1 3

12

1 l

CTl

CT2

13°

12

CTl

11

CT2

1 4
e

13

12

CTl

CT2

i3(la2)
i2(2ii)
CTl

nflii")

-« , / eV

9.4";
11.8";
12.4";
12.9b;

9.0";
10.2";
11.4";
12.0";
13.8";

8.8d;
10.7d;
11.7d;
12.4d;
12.8d;

8.7";
10.3d;
10.6d;

12.3d;

13.8d;

9.3<=
11.7"
12.P
13.4C

9.0c

9.0c

11.4<=

11.9°
14.0°

8.7°
10.7e

11.6=
12.4C

13.0"

8.6e

10.2e

10.6°

12.3"

13.7°

9.5
10.0
12.8
13.3

ences for these rotamers are extremely small, that is why the
problem of rotational isomerism cannot be solved at the level of
the first band in the PE spectrum. In the PE spectrum observed,
the shape of the first band rules out the existence of a remarkable
concentration of a less favourable rotamer differing from the
major rotamer in torsional angles.

Adiabatic potentials for a series of diorganyl sulfides have
been measured by the photoionisation method,1-18° and conjuga-
tion energies in radical cations have been estimated by correlation
analysis. Two-parameter approximation180 yielded the plots
(Fig. 28) showing that saturated and unsaturated representatives
of the series correlate with the inductive Taft constants to form
two independent regressions. The contributions of hyperconjuga-
tive and steric effects into the ionisation potential value were
found with the requisite statistical accuracy: they make up ~ 20%
of the contribution of the inductive effect.180 At the same time,
conjugation effects contribute significantly to the ionisation
potentials, too (Fig. 28). The existence of independent linear
dependences for saturated and unsaturated representatives of the
series (Fig. 28, lines 1 and 2, respectively) is due to the conjugation
between the radical-cation centre and the adjacent double bond.
The energy of this conjugation can be estimated' •'80 by deviations
of the points for a,[)-unsaturated sulfides from the basic correla-
tional curve. For vinyl sulfides, it is equal to 1.0-1.3 eV.

I/eV

9.9

9.2

8.5

7.8
0 0.8 -La*

a The assignment based on the ab initio calculation;69 " i-cis-form;c s-trans-
form; A cis-trans- for (CH2 = CH)2S and CH2 = C = CHSCH = CH2;
es-trans-s-trans- (C2») for (CH2 - CH)2S and CH2 - C - CHSCH = CH2.

Figure 28. The dependence of ionisation potentials (/) of diorganyl
selenides on inductive constants of substituents (XCT*).180

(7) Unsaturated and cyclic organylthiols and sulfides, (2) vinyl sulfides.

5. Allenyl methyl sulfide and allenyl vinyl sulfide
Among unsaturated sulfides, allenyl methyl sulfide and allenyl
vinyl sulfide occupy a somewhat unusual position (Table 7).179 It
might be expected that their orbitals, except for an additional Jt-
MO localised at the Cp = Cy fragment (9.7 eV for allenyl methyl
sulfide and 9.9 eV for allenyl vinyl sulfide) would follow the
regularities found for vinyl sulfides. The similarity was, however,
found only for allenyl vinyl sulfide (Fig. 25, Table 7). According
to the data obtained by the MNDO method, which has shown a
good performance in the case of other a.P-unsaturated sulfides,
the energies of the ai- and CT2-MOS of allenyl methyl sulfide fit the
correlational curve of saturated sulfides (Fig. 25). The CT2-MO
energy for allenyl methyl sulfide is only 0.45 eV higher than the
corresponding MO for methanethiol.178 Unlike other analogous
compounds, the CT2-MO of allenyl methyl sulfide seems to be
localised to a significantly greater extent within the S — C ^
fragment. Other MOs of allenyl sulfides, except for the Jt-MO
localised within the Cp = Cy fragment, are qualitatively the same
as those for vinyl sulfides. The band assignment in the PE spectra
of allenyl sulfides is given in Table 7.



1028 L M Sinegovskaya, B A Trofimov

6. PE spectra of vinyl tellurides
PE spectra of dimethyl telluride and some other dialkyl chalcoge-
nides have been described.181'182 An analysis of their orbital
structure has been performed for model dimethyl derivatives of
Ĉ v symmetry.182 Three lowest-energy bands in the PE spectra of
these compounds are associated with electron removal from the
antibonding MO of the lone electron pair of the chalcogen atom
and from two 01,2 bonds.

In the PE spectra of dialkyl tellurides in the range of
7.5-11.4 eV, as well as in the case of analogous sulfides and
selenides, there are three bands (Table 8, Fig. 29 a). The lowest-
energy and the narrowest band is unambiguously assigned to the
MO with the major contribution of the tellurium pz-AO. Two
broader bands result from the ionisation of the a-bonds
(Fig. 29 a). Successive elongation of the hydrocarbon chain leads
to a low-energy shift of all the bands. For saturated tellurides as
well as for other dialkyl chalcogenides, there is a linear depend-
ence between the higher o-MO positions (Fig. 30).183 An energy
gap value A/CT separating o v and o~2-MOs decreases systematically
with an increase in alkyl substituent length and branching
(Table 8). In other words, the behaviour of CT-MOS in dialkyl
tellurides is completely similar to that of the corresponding
sulfides and selenides.

Table 8. Vertical ionisation potentials for diorganyl tellurides.'83

Compound

Me2Tea

CH2 = CHTeMe
Et2Te
(Pr»)2Te
(Pr")2Te
CH2 = CHTePri

(Bun)2Te
CH2 = CHTeBu"
(CH2 = CH)2Te

Q
0
"The data of Ref.

Ionisation energy /eV

n(nrc)

7.9
7.9
7.7
7.8
7.6
7.8
7.6
7.7
7.9

7.7

8.4

178.

a,

10.3
10.3
9.9
9.7
9.5
9.7
9.6
9.8
10.4

10.0

10.8

jt(C = C)

—.

10.6
—
—
—

10.5
—

10.5
10.0,11.0

—

8.9,11.5

a 2

11.3
11.4
10.6
10.4
10.0
10.4 (sh)
10.2
10.5
11.4

10.7

11.8

Analysis of PE spectra of vinyl tellurides has been carried
out183 using the empirical approach.179 The PE spectra of vinyl
tellurides contain four well-resolved bands (Table 8, Fig. 29 b, c).
The low-energy band remains narrow. Moreover, for vinyl
tellurides its position is practically the same as for dimethyl
telluride. The replacement of an alkyl group by the vinyl group
in the diorganyl telluride does not lead to a significant interaction
of the fragmentary 7i-orbital with the/vAO of the tellurium atom,
i.e. the first band relates to the MO localised primarily on the
heteroatom. The second and the fourth bands belong to CT-MOS.
Unlike saturated and unsaturated sulfur and selenium com-
pounds, in tellurium compounds, the cr-MO energies correlate in
the same manner (Fig. 30). The correlation extends also to the CT-
M O S of divinyl telluride and tellurophene, thus indicating an
equivalent coupling of the tellurium AOs with the orbitals of the
sp2- and sp3-hybridized carbon atoms.183 The third MO of vinyl
tellurides is responsible for a slightly bonding combination of the
Tt-MO of the vinyl fragment and the tellurium pz-AO with a lesser
contribution of the latter.

More detailed information on the structure of 7t-MOs in
divinyl telluride can be obtained by comparing them with those
of tellurophene. The JC-MO of tellurophene can easily be com-

t

1

8 10 12 7/eV

Figure 29. The PE spectra of dimethyl telluride (a),182 vinyl methyl
telluride (6), and divinyl telluride (c).183

posed from symmetry considerations.183 The PE spectroscopic
data (Table 8, Fig. 31) indicate that the passage from divinyl
telluride to tellurophene leads to a remarkable increase in the first
ionisation potential (0.5 eV). This is not due to the formation of
the ordinary bond between the terminal carbon atoms of divinyl
telluride, because the analogous structural variation for saturated
compounds (tetrahydrotellurophene184) affects only slightly this

/(<T2)/eV

12

11

10

10 /(cri)/eV

Figure 30. The correlation between the energies of <r-MOs for un-
saturated (7) and saturated (2) organyl tellurides.183
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Figure 31. The orbital correlational diagrams for tellurium saturated and
unsaturated derivatives.183

value. Apparently, stabilising interactions arise upon heterocycli-
sation. These interactions can be adequately rationalised only
assuming that the HOMO structure for tellurophene is of the same
type as that for the preferential rotamer of divinyl telluride. The
correlation of the other 7t-MOs (Fig. 31) leads to the conclusion
that the second occupied jt-MO of divinyl telluride is an antibond-
ing combination of orbitals of the vinyl fragment, and the lowest
MO is, naturally, completely bonding.

Thus, the analysis of the PE spectral features of dialkyl, alkyl
vinyl, and divinyl tellurides altogether gave the rationale for the
nature of their MOs and allowed the empirical assignment to be
made: the low-energy band for alkyl vinyl tellurides results from
the ionisation of the MO with the dominating contribution of the
tellurium pz-AO, the second and the fourth bands correspond to
the CT-MOS, the third band belongs to the JI-MO. The orbital
structures of divinyl telluride and tellurophene are of the same
type.

7. UV absorption spectra of alkyl vinyl sulfides
UV absorption spectra are the subject of a large number of
studies.69-m- '85-191 Nevertheless up to now, there is no unequiv-
ocal understanding of the nature of electronic transitions observed
in liquid and in the gas phase. A discussion 6 9 - m - i»s-i9i about the
band assignment in the near UV range for methyl vinyl sulfide is
remarkable. The most long-wave transition was assigned to the
first transition of the Rydberg series TC -» ns, and the next to the
ir->7t*-type.69 However, according to other data191 the first long-
wave band originates from the TI-KJ or cr->o* excitation, and the
second band is associated with the n-*n* transition. Both

transitions are considered133> 19° to belong formally to the same
(7i->jt*) type, but to correspond to two rotamers. Experimental
data accumulated to date allowed one to perform systematic
analysis of UV spectra of alkyl vinyl sulfides.192 An empirical
analysis of the full spectrum of gaseous methyl vinyl sulfide has
been carried out.69 In addition to the n->7i* transition, the
spectrum of methyl vinyl sulfide is represented by three Rydberg
series: n-+ns, n-*np, and %-*nd. Rydberg transitions fall primarily
in the vacuum ultraviolet range and are inaccessible for compar-
ative investigations in solutions. In the near UV range there are
ji->7t*, n-*4p, and JI-»WJ transitions, the latter is believed 69 to be
of the lowest energy in the series. Comparison (cf. with193) of the
UV spectrum of methyl vinyl sulfide in the gas phase with those of
solutions189-191 in hexane, dioxane, and ethanol, in which no
narrow peaks of sufficient intensity were found at 204 nm,
indicates that the most short-wave transition is largely of the
Rydberg character. The quantum defect 6 for this transition is
relatively low, 3 ~ ±0.59 where

1/2
5

here R is the Rydberg constant, T=I\—n, n is a quantum
number. Therefore, indeed, this transition can be assigned to the
Rydberg transition of the n -»4/> type.192 An interesting feature of
this transition is a dependence of the relative intensity of the
corresponding band on the substituent structure, which decreases
as the length of a hydrocarbon substituent and branching increase
(Fig. 32); for compounds with R=terf-butyl and fer/-pentyl,
Rydberg transitions cannot be reliably assigned.194

The most long-wave band of methyl vinyl sulfide broadens on
passage from the gaseous state to solution. It also broadens upon
substitution of the methyl group for another alkyl substituent.
Bulky substituents increase its absolute intensity (in solution).
Sometimes even a slightly pronounced fine structure appears
(Fig. 32, Table 9). For R = fer/-butyl and terf-pentyl the intensity
of this band increases, and a separate peak is observed (Fig. 32).
An isotope effect was quite unexpected. In the case of methyl vinyl
sulfide and its deuterio-isotopomer CD2 = CDSMe, the absor-
bance ratio of the maxima of the long-wave band and the
neighbouring V band (D244/D225) in the gas phase is 0.225,
while in the spectrum of CH2 = CHSCD3 this ratio is 1.35 times
larger. The band half-width also increases (from 1540 cm"1 to
2130 cm"1). Data on the deuteration effect also show that the
methyl group orbitals (a-symmetry) take part in the first excited
state of methyl vinyl sulfide. The long-wave band of methyl vinyl
sulfide might therefore be supposed to belong to the JT.-KJ*
transition.

CNDO/C calculations indicate that yet another n-*a*-
transition should exist in the UV range separated from the first
one by an interval of ~ 1300 cm~' (Scheme 2; J-AOS are marked
with a dotted line). The band at ~ 196 nm in the spectrum of
methyl vinyl sulfide in solution corresponds to the second 71-+s*-
transition (Fig. 32, Table 10). In the spectrum of gaseous methyl
vinyl sulfide, the band corresponding to this transition coincides
with the components of a vibrational progression of the Rydberg
7t-»4p transition. A complex contour of the short-wave absorp-
tion band in gaseous methyl vinyl sulfide does not allow vibra-
tional modes of this transition to be reliably identified.192

Scheme 2

o!(s)-MO 713-MO 7t2-MO
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Figure 32. The UV absorption spectra of sulfides CH2 = CHSR, where R
solution (6).192

200 250 X /nm

Me (1), Et (2), Bu' (5), Pent' (4), in the gaseous state (a) and in a hexane

The Jt-nr* transition band with peaks in the range of
225-236 nm in the spectrum of gaseous methyl vinyl sulfide has
a fine structure (the distance between the components is
~ 1000 -1300 cm~'), which disappears in the solution spectra.192

Thus, the following energy sequence of transitions is observed
in the UV spectra of alkyl vinyl sulfides:192 n-*a* < n-*n* <

8. UV absorption spectra of alkyl vinyl selenides
UV spectra of vinyl selenides have been studied.191-192 The type
and the sequence of electronic transitions have been determined
(Fig. 33). Comparison of UV spectra of methyl and ethyl vinyl
selenides in the gaseous and condensed state identifies the
Rydberg transition at A = 202 nm and 204 nm, respectively. A
relatively low magnitude of the quantum defect (0.48) makes it
possible to assign these bands to the TC->5/> type (Table 9). H-KT*-
Transitions in alkyl vinyl selenide are red-shifted as compared to
those in the corresponding sulfides, on the average, by 4600 cm"1

and occur in the range of 265-270 nm and at 220 nm (Table 10).
In the spectrum of methyl vinyl selenide (Fig. 33), the band
corresponding to the n-m* transition has fine structure (1000,

600, ~ 600 cm"1), which differs from that for the analogous
sulfur compounds (Fig. 32). Moreover, substitution of the
methyl group for the ethyl group leads to a change in the
Franck- Condon contour of the absorption band (Fig. 33). This
gives grounds to suppose that the 'it' band of methyl vinyl selenide
coincides with the band of the Rydberg transition (X = 236 nm),
which distorts the profile of the absorption band in the gas phase.
In solution, the Rydberg band disappears or decreases in intensity
(Fig. 33, Table 10). The quantum defect of the Rydberg transition
(0.88) corresponding to the band at 236 nm allowing one to assign
it to the 7t->5s type.

This assignment has further support. The first ionisation
potentials for dimethyl and methyl vinyl selenides (to which
Rydberg series converge) are close: 8.33 eV and 8.29 eV, respec-
tively.179 Therefore, their Rydberg «se -*5s and n-*5s transitions
will also be close. In the spectrum of gaseous Me2Se there is a
narrow peak at X = 236 nm, which is not registered in solution.191

Its quantum defect (5 = 0.94) is in full accord with the Rydberg
transition from the series nse-+ns.196 The following sequence of
electronic transitions was found for alkyl vinyl selenides:192 JU-KT*
< jt-m* ~ 7t->7w < TI-KT* <n-*np (Tables 9,10).
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Table 9. Rydberg (np-m) transitions for organyl chalcogenides (gaseous phase).192

Compound /cm- Transition (v /cm~')h A/nm

H2S
Me2S
EtjS
(Bu')2S
Me2S
Et2S
EtSPr*
CH2 = CHSMe
CH2 = CHSEt
CH2 = CHSPrn

CH2 = CHSPri

CH2 = CHSBun

CH2 = CHSBu'
CH2 = CHSBuj

CH2 = CHSBu'
CH2 = CHSPent<
CH2 = CHSCD3

CD2 = CDSMe
H2Se
Me2Se
CH2 = CHSeMe
CH2 = CHSeEt
H2Te
Me2Te
CH2 = CHTeMe

84451
76304
74933
72836
70013
68077
67400
68077'
67840f

67430f

67350f

67350f

66710f

79692
67432
66867
66141
73723
63641
63398

65963 d

57250d

56000'
54000'
51165 (287; 698; 1004; 1316)d

49000 (~600; 1160)
48600 (-550; 1110)
49200(1300; ~1200)
48480 (400; 1270; -1150)
48000 (-400; 1280)
48520(1240)
47800
48160 (-1200)
48270 (370)

48000 (very weak)
49240(1210; -1200)
49200 (1000; 1200)
60600d

49200 (-233; -595; 981; 129)d

49000
48900
55000c

46240 (180; -530; 898; 1252)d

46700 (-200)

152
175
178
185
195
204

206
203
206
208
206
209
208
260

-206
203
203
165
203

-204
205
182
216

-214

0.56
0.60
0.59
0.585
0.59
0.60
0.585
0.59
0.62
0.625
0.585

0.60

0.60
0.55
0.48
0.48
0.58
0.49
0.44

"The data of Ref. 178;b the vibrational quantum number is given in parentheses;c while estimating, the major quantum number was decreased by 1,2,3
for S, Se, and Te, respectively; d an analysis of the vibrational structure see in Ref. 195; c the data of Ref. 195;f calculated from the data of Ref. 180:
/, = / , + 0.2 /eV.

0.8 -

0.4 -

0.4 -

0 -
250 300 A/nm 200 250 300 A/run

Figure 33. The UV absorption spectra of vinyl selenides CH2 = CHSeMe (1), CH2 = CHSeEt (2), and vinyl methyl telluride CH2 = CHTeMe (3) in the
gaseous state (a) and in a heptane solution (A).192
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Table 10. Electronic transitions in the near UV region for vinyl chalcogenides.192

Compound Medium* Transition (A /nm)

L M Sinegovskaya, B A Trofimov

jc->a*

243
238-250
241-246
247-253
238-244
240-246
244-250

~238
238-247
244-250

-238 (sh)
-244 (sh)

232-238
-250 (sh)

239
247

~250(sh)
235-241
247
235-238

-252 (sh)
-240 (sh)

249
251
249
251
241
244
266
268
267
271
272
273
330
331
332
329
333
328

* Accepted notations: GP — gaseous phase, HX — hexane, HP — heptane;b the vibrational quantum number is given in parentheses.

CH2=CHSMe

CH2 = CHSEt

CH2 = CHSPr"

CH2 = CHSBun

CH2 = CHSBu'

CH2 = CHSBu»

CH2 = CHSPri

CH2 = CHSBu'

CH2 = CHSPent«

CH2 = CHSCD3

CD2 = CDSMe
CH2 = CHSeMe

CH2=CHSeEt

CH2 = CHSePrj

CH2 = CHSeBu»
CH2 = CHTeMe

CH2 = CHTeEt
CH2 = CHTePrn

CH2 = CHTePri

CH2 = CHTeBu»

GP
HX
GP
HX

GP
HX

GP
HX

GP

HX

GP
HX

GP

HX

GP
HX
GP
HX
GP
GP
GP
HP
GP
HP
HP
HX
GP
HP
HP
HP
HP
HP

225(1280;-1300)b

227 (~ 1000)
226(1200)
229

226 (~ 1150)
228

226
230

230 (-1150)

228

227
231

227 (-1250)

231

229
235
229
235
225 (1260; 1300)
225(1160;-1150)
230 (-600; -600)
240
238 (-640)
242
243
244
243
232
230
229
229
228

196
<198

199
<194

200
<198

<199
-198

200

<196

199
<194

197

<199
198

<192
196
196

-220
<220
-221

218
-219
-219

259
266
267
268
268
267

9. UV absorption spectra of alkyl vinyl tellurides
Alkyl vinyl tellurides absorb in the range of 200-330 nm
(Table 9, 10, Fig. 34).192 The JI->C* transitions in the UV
spectrum of methyl vinyl telluride are strongly (by ~7100 cm"1)
red-shifted even in comparison with those in methyl vinyl selenide,
and are located at 259 and 329 nm in the gas phase. For methyl
vinyl sulfide band intensities of JI-KT* transitions are of the same
order (~103), whereas dramatic redistribution takes place on
going to vinyl telluride, i.e. with an increase in the mass of the
heteroatom (Fig. 33). In the spectrum of a heptane solution of
methyl vinyl telluride, the extinction ratio of long-wave and short-
wave bands of JC-KJ* transitions is ~ 6 x 10~2. This is probably
due to localisation of the MOs of methyl vinyl telluride within the
CTeC fragment having high symmetry (C2 or Civ)- For the ground
state of methyl vinyl telluride such a supposition is confirmed by
PE spectroscopic data. In contrast to sulfides, the higher occupied
TC-MO in unsaturated tellurides contains a dominating contribu-
tion from the tellurium pz-AO (7i values are the same for Me2Te
and CH2 = CHTeMe).183 UV spectra show that it is true of the
excited state with an electron in the a'-MO and the vacant n-MO.

As was already noted, the long-wave a band profile in the
spectra of vinyl sulfides is dictated by the phase state and the
structure of the alkyl substituents. In the spectra of alkyl vinyl
tellurides, the contours of both a-bands depend on none of these.
Irreducible representations b\, a\, and b\ correspond to the
HOMO of the ic-type and to two low-lying vacant o*-orbitals of
the ground state of methyl vinyl telluride. Hence, it follows that
the transitions will be one-configurational, and one of them
[lAi^Bi (lbila\) or lAi-+lA2 Qb\xb\)] is symmetry-forbidden
(in the absence of electronic-vibrational interactions).

A transition of the jt-m*-type is responsible for the band at
k = 243 nm (gas) with a vibrational splitting of ~ 800 cm"' in the
UV spectrum of methyl vinyl telluride. The splitting is signifi-
cantly higher than the frequency of the CTeC stretching mode in
the ground state,143 thus indicating that the bond becomes
stronger upon excitation. The passage from gas to solution causes
a red shift (1000 cm"1) in the respective spectra.

It is known that in the UV spectrum of Me2Te, the first
Rydberg transitions of the series riTC-*6s and nrc-*6p are observed
at 250 nm and 216 nm. Comparison of the spectra of methyl vinyl
telluride in the gas phase and in solution and the fact that the first
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200 250

Figure 34. The UV absorption spectra of diorganyltellurides Et2Te (1),
CH2 = CHTeEt (2), and (CH2 = CH)2Te (3) in a heptane solution. The
spectrum of (CH2 = CH)2Te in the gaseous phase is shown in a dotted
line.1'7

ionisation potentials of this compound183 and Me2Te are prac-
tically the same (7.90 and 7.89 eV) made it posible192 to assign the
bands at 250 nm and 214 nm to the n-*6s and JC->6/> Rydberg
transitions, respectively.

Hence, the following sequence of electronic transitions is
observed in the UV spectra of alkyl vinyl tellurides:192

7i->a* < 7t-»a* < n-*ns < n-*n* < n-*np.
Thus, the common feature of the simplest unsaturated com-

pounds of S, Se, and Te is the of presence a low-energy excited
state192 in which an electron occupies the at-MO, and a vacancy
arises on the TC-MO. From the practical point of view, it is
important that in the UV spectra of alkyl vinyl chalcogenides,
the energies of JC-»CT* transitions are approximately constant: for
sulfides it is 9970 cm"1 in the gas phase, for selenides and
tellurides it is ~8000 cm"1 . Quite different behaviour is typical
of two higher occupied cr-MOs of the ground state: an energy gap
between the transitions decreases with complication of the
structure.179-183 With the increase in the atomic number of the
chalcogen, the Tt->a* and TC->TC* transitions exhibit a systematic
red shift, the former being more sensitive to the nature of the
element than the latter.192

10. UV absorption spectra of divinyl chalcogenides
The following concepts179'183 were used in the assignment of
electronic transitions in the UV spectra of divinyl chalcogenides
(Figs 34, 35):197 a) the energy gap between the a band maxima is
practically independent of the alkyl substituent length and
branching and somewhat decreases with an increase in the
heteroatom atomic number; and b) the energies of two higher
occupied CT-MOS of organyl chalcogenides are linearly related.
These properties of n-*o* transitions could make the band
assignment in the absorption spectra of divinyl chalcogenides
substantially easier if data were available on similar transitions in
the series CH3-CH2XCH2-CH3, CH2 = CHXCH 2-CH 3 ,
CH2 = CHXCH = CH2 (for saturated compounds, the TC-KT*
transitions are actually identical to the ttx.-*cs* ones). Unfortu-
nately, only long-wave ns-*a* transitions are known for saturated
cyclic sulfides, which have an extremely low intensity because they
are symmetry-forbidden.194 For dialkyl sulfides, these bands
overlap with an intense band associated with the a-*a* excita-
tion.194 For dialkyl sulfides in the gas phase and in solution, both
/iTe-»a* transitions are shown197 to have an intensity quite
sufficient for reliable detection, and are located in a more long-
wave region than the transition of the CT->CT* type (Table 11,

200 250 A/nm

Figure 35. The UV absorption spectra of diorganylsulfides Et2S (1),
CH2 = CHSEt (2), and (CH2 = CH)2S (3) in the gaseous phase.197

Fig. 34). It can be seen from Table 11 that the A£ values for
saturated and unsaturated tellurides differ insignificantly.

The energies of two higher occupied <r-MOs of diorganyl
chalcogenides are known179> 183 to be linearly interrelated. Similar
relationship can also be true of two low-lying vacant cr*-MOs
because in the molecules of high symmetry they are rearrange by
the same irreducible representations as the higher occupied
a-MOs do. Analysis of UV spectra of diorganyl chalcogenides in
which both jt-»cr*-transitions are satisfactorily resolved
(Table 11), reveals indeed a linear correlation of their energies,
which is true for all the compounds considered regardless of the
chalcogen type and the number of unsaturated fragments
(Fig. 36).197 Taking this into account, the following energy
sequence was obtained for electronic transitions in the UV
absorption spectra of divinyl chalcogenides:197

for Te: TC-KT* < JWCT* < JC->JC* < n-

for S and Se: JC->CT* < <n-*n* <n n* <n
Changes in the Franck-Condon absorption profile for

divinyl telluride with regard to the phase state (Fig. 34) indicate

6.0

5.0

4.0
3.0 4.0

Figure 36. The correlation between the energies of the n(«)—»cr* transi-
tions for tellurides (1,1'), selenides (2), and sulfides (3,/) in the gaseous
state (1-3) and in a heptane solution (l',3').197
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Table 11. Characteristics of electronic transitions for diorganyl chalcogenides.197

Compound n —»a* transition a

£J /eV £J /eV

a—Kj* transition *

Heptane

Me2Te
CH2=CHTeMe
EtTeMe
CH2 = CHTeEt
(Pr°)2Te
CH2 = CHTePrl

(Bun)2Te
CH2 = CHTeBun

(CH2 = CH)2Te
CH2 = CHSeEt
CH2 = CHSePrj

CH2 = CHSeBu'

Gaseous phase

Me2Te
CH2 = CHTeMe
Et2Te
(CH2 = CH)2Te
CH2CHSeMe
CH2 = CHSeEt
(CH2 = CH)2Se
CH2 = CHSMe
CH2 = CHSCD3

CD2 = CDSMe
CH2 = CHSAm'
(CH2 = CH)2S

3.38(1.9)
3.75 (2.5)
3.42(1.9)
3.72 (2.6)
3.41 (2.1)
3.72 (2.5)
2.46(1.9)
3.77 (2.6)
3.72 (2.6)
4.58 (3.3)
4.56 (3.3)
4.54 (3.4)

3.36
3.76
3.43
3.77
4.66
4.65
4.64
5.10
5.13
5.08
4.98
4.90

4.24(2.2)
4.67 (3.7)
4.29 (2.6)
4.64 (3.6)
4.25 (2.3)
4.63 (3.5)
4.30 (2.6)
4.64(3.6)
4.49 (3.7)
5.70 (3.3)
5.66 (3.4)
5.70 (3.5)

4.23
4.79
4.30
4.58
5.70
5.60
5.80
6.33
6.33
6.32
6.27
6.22

0.86
0.92
0.87
0.91
0.84
0.91
0.84
0.87
0.77

~1.10
1.10

~1.20

0.87
1.03
0.87
0.81

~1.10
~0.90
~1.20

1.23
1.20
1.24
1.29
1.32

5.18 (3.8)

5.24(3.8)

5.21 (3.8)

5.27 (3.8)

" Extinction coefficient (lg E) is given in parentheses;b the bands of the a —>a* transition and the Rydberg transition overlap.

that in the gas phase the short-wave JI-»TC* transition overlaps
with the Rydberg n-*ns transition. Among K-*n* transitions in
divinyl chalcogenides, the most short-wave transition is the least
intense. A great difference in intensities of the a-bands for divinyl
telluride (Fig. 34) can be easily rationalised on the assumption of
its planar conformation (C2V)- For a non-planar form (C2) of
divinyl chalcogenides, an lA<lB sequence corresponds to n*
excited states. The XB state is associated with the electronic
configuration <P-bxb*ax, and the position of the a-symmetry
orbitals depends slightly on the central atom, therefore, there is a

6.0

5.0

• S

rSe

8.0 9.0 /1 /eV

Figure 37. The dependence of the energies of 'A-^'B transitions for
divinyl chalcogenides in the gaseous phase on the first ionisation potential
(7i). Points are the experimental values of £*(B) in the gaseous phase."7

near-linear correlation between the energy (£*) of the lA-*lB
transition in divinyl chalcogenides and their first ionisation
potentials (Fig. 37).197

11. UV absorption spectra of allenyl ethers
Electronic transitions in the UV spectra of alkyl allenyl and allenyl
vinyl ethers have been analyzed.175-I77 Two bands were observed
in the spectra of heptane solutions, which had a tendency for a
blue shift ( ~ 2 - 3 nm) on going to a polar solvent (Table 12). The
bands of alkyl allenyl ethers belong to the ji->-Jr* and ft-»n*
transitions partially allowed due to electronic-vibrational inter-
action in the allene group.175 In allenyl vinyl ethers, the long-wave
band corresponds to the transition localised within the allene
fragment, and the short-wave band belongs to the n-m* transi-
tion.177

In a series of alkyl allenyl ethers, the most significant changes
in the UV spectra were observed for CH 2=C=CHOBu' . 1 7 5 The
electronic transition corresponding to the long-wave band
appeared to be the most sensitive. In addition to a blue shift of
this band by ~16 nm relative to its position in allenyl methyl
ether, its half-width nearly doubles.

In order to study the possible influence of stereoisomerism in
alkyl allenyl ethers on the nature and position of electronic
transitions, CNDO/C calculations for the molecules
CH2 = C = CHOMe and CH2 = C = CHOBu' have been carried
out.175 The one-configurational long-wave transition appeared to
be symmetry-forbidden (it belongs to the n-*n* type). The next
S-m* transition occurs at 4.83 -4.86 eV. The energy gap between
the bands observed in the ranges of 255-275 nm and
208-213 nm in the spectra of alkyl allenyl ethers corresponds to
the difference in the calculated energies of the rc->S* and S-»-7c*
transitions. A blue shift of the long-wave band in
CH2 = C = CHOBut as compared to that in allenyl methyl ether
can be explained by a difference in the conformations of these
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Table 12. The UV absorption spectra of allenyl ethers.175-177

Compound Solvent /l/nm(lge)

CH2 = C = CHOMe

CH2 = C = CHOEt

= C = CHOPr°

= C = CHOPri

CH2 = C = CHOBun

= C = CHOBui

= C = CHOBu'

CH2 = C = CHOCH2CH = CH2

CH2 = C = CHOCH = CH2

CH2 = C = C(Me)OCH = CH2

CH2 = C - C(Prj)OCH = CH2

CH2 = C = C(Pr-)OCH = CH2

(CH2 = CH)2O

C7H16
EtOH
MeCN

C7H16
EtOH
MeCN

C7H I6

EtOH

C7H16
EtOH

C7H16

EtOH

C7H I6

EtOH

C7H16

EtOH

EtOH

C7H16

EtOH
MeCN

EtOH

C7Hi6
EtOH

C7Hi6
EtOH

C7H16
EtOH

274 (2.0);
270 (1.9);
269 (2.0);

272 (2.0);
269 (2.0);
268 (2.0);

272(1.9);
270(1.9);

271 (2.0);
268(1.9);

272(1.9);
269(1.9);

271 (1.9);
269(1.9);

258 (2.0);
257 (1.9);

272(1.9);
270(1.8);

265 (2.4);
263 (2.5);
261 (2.4);

267 (2.4);
266 (2.4);

269 (2.3);
267 (2.4);

270 (2.4);
269 (2.4);

212 sh (3.3)
210 sh (3.4)
210 sh (2.5)

211 sh (3.2)
210 sh (3.3)
210 sh (3.3)

211 sh (3.2)
211 sh (3.1)

211 sh(3.3)
211sh(3.2)

211 sh (3.3)
211 sh (3.2)

211 sh (3.2)
211 sh (3.1)

208 sh (3.5)
208 sh (3.5)

213 sh (3.5)
213 sh (3.3)

213 (4.1)
211(4.3)
210(4.2)

216(4.0)
214 (4.0)

216 (4.2)
215(4.3)

215(10940)
214(10775)

210(14430)
209(19880)

molecules. However, the calculations for cis- and f/ww-rotamers
in allenyl methyl ether show that the electronic transition energies
depend little on the nature of the planar conformation. Violation
of the orthogonal character of the 71-systems of the allene fragment
does not substantially affect spectral characteristics as well.175 The
calculated electronic spectrum of CH2 = C = CHOBu', in which

the tert. butyl substituent is rotated relative to the C,y — O bond
by 30 - 60 ° (from the planar s-trans-form), indicates that the long-
wave band is 3 - 9 nm blue-shifted. It should be borne in mind that
for this compound C, symmetry might break if there is the only
minimum in the internal rotation potential curve corresponding to
the s-frwu-rotamer. Presumably, the shape of the internal rotation
potential ensures significant population of the excited torsional-
vibrational states, for which large-amplitude motion is typical. It
explains a larger width of the long-wave band in
CH2 = C = CHOBut as compared to that in allenyl methyl ether
but does not explain a spectral shift because a vibration amplitude
of 60 ° can hardly be supposed.

Another possible reason is the presence of a non-planar
gauche- or near-goucAe-form along with the planar s-trans-fona.
In this case, however, the extinction for the gawcAe-conformer
should be, at least, two orders of magnitude higher than that for
the planar one. This situation does not seem probable since the
long-wave transition is symmetry-forbidden for alkylallenes.
Thus, the reason for a blue shift of the long-wave band in
CH2 = C = CHOBut as compared to that in the spectrum of
allenyl methyl ether remains obscure.

The most short-wave electronic transition was calculated175

to have an energy > 6 eV and corresponds to the Tt-nt* transition
observed for alkyl vinyl ethers in the range of 190-200 nm.198

According to CNDO/C calculations for allenyl vinyl ether,177

the long-wave transition is located at 308.6 eV ( /= 0) and belongs
to the j[-*B* type. The next transition belongs to the 7t->Tt* type of
the allene fragment. Unlike the corresponding transitions in
allenyl methyl ether, the long-wave transitions in allenyl vinyl
ether are two-configurational (Table 13).177 The short-wave
transition in allenyl vinyl ether is mostly one-configurational.
The calculation shows that the corresponding band is located in
the range of 210-215 nm and originates from the TI-»TC* excita-
tion.

V. Conclusion
The investigations of rotational isomerism in vinyl and allenyl
chalcogenides summarised in the present review have revealed
remarkable peculiarities of the molecular and electronic structure
of this group of compounds. Two qualitatively different types of
stable conformers exist. One of them is characterised by a definite
torsional angle and small deviations from the global minimum of
potential energy. The other is associated with large-amplitude
relative motion of molecular fragments encompassing not one,
but several local minima in the internal rotation potential curve.
Methyl vinylchalcogenides represent an ensemble of stationary

Table 13. The UV absorption spectra of allenyl methyl, allenyl vinyl, and divinyl ethers.1

Molecule
(rotamer)

Jap/ran Transition Dominating con-

formation (contribution)

CH2 = C = CHOMe
(s-cis)

CH2 = C = CHOCH = CH2

(trans-trans)

(CH2 = CH)2O
(trans-trans)

274

212(sh)

265

213

210

2.0

3.3

2.4

4.1

4.2

316.6
255.3
204.1

308.6

260.0

212.7

189.4

196.4
181.5

0.0000
0.0002
0.9680

0.0000

0.0001

1.0820

0.0800

0.6520
0.0258

jt-»ft* 1-2* (1.00)
2 - 1 * (1.00)
1-1* (0.83)
2 - 2 * (0.53)

1-3* (0.89)
3 - 3 * (0.45)
2 - 1 * (0.65)
2 - 2 * (0.75)
1-1* (0.88)
2 - 3 * (0.37)
1-2* (0.89)
1-1* (0.36)

1-1* (0.99)
1-2* (0.03)



1036 L M Sinegovskaya, B A Trofimov

states corresponding to planar cis-, gauche-, free rotational, and
'quasi'-rrani-states, in which large-amplitude molecular motion
occurs relative to the planar /ram-form. The existence of three
non-planar stable forms, viz, two quasi-degenerate trans-trans-
and one cis-trans-, as well as large amplitude intramolecular
motion at high temperatures and, occupancy of above-barrier
states under these conditions are typical of internal rotation in
divinyl chalcogenides.

The following features are typical of the ground state of alkyl
vinyl chalcogenides: a) a weak dependence of the structure and the
relative arrangement of higher occupied jt-MOs on the nature of
the heteroatom and the structure of substituent; b) the existence of
a linear correlation between the energies of higher occupied
CT-MOS, the parameters of which are dictated by the nature of
the heteroatom and the number of unsaturated groups. For alkyl
vinyl and divinyl chalcogenides, the lowest energy corresponds to
the state, in which an electron migrates to the a*-MO and a
vacancy arises in the it-MO. Excited states of it-symmetry are
located higher on the energy scale as compared to those of
CT-symmetry. The latter are more sensitive to the nature of the
heteroatom.
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Abstract. The thermodynamic properties of polyethylene, poly-
deuteroethylene, polypropylene, polybut-1-ene, polypent-1-ene,
poly-3-methylbut-l-ene, polyhex-1-ene, polyisobutylene, poly-4-
methylpent-1-ene, and polydec-1-ene as well as the thermody-
namic parameters of their formation reaction in the temperature
range 0-600 K are considered. The recommended thermody-
namic quantities are presented. The characteristic feature of the
variation of the thermodynamic properties and parameters of the
formation reactions of polyolefins are described in terms of the
compositions and structures of the initial monomers and polymers
and their physical state and temperature at the standard pressure.
The bibliography includes 115 references.

I. Introduction
The use of olefins of various composition and structure in
polymerisation and copolymerisation reactions has led to con-
siderable possibilities for the synthesis of polyolefins with new
valuable operating properties.1 Extensive theoretical and applied
studies have been carried out in this connection on the synthesis of
the initial monomers and on the properties of the polyolefins
formed and their applications.' ~4 One of the dominant aspects of
such studies at the present time is the search for appropriate
catalytic systems, the study of the kinetics and mechanisms of the
polymerisation and copolymerisation reactions, and the determi-
nation of the influence of the method of synthesis of polyolefins on
their physical properties.1"5 The effectiveness of the theoretical
and applied developments is significantly improved if use is made
of the advances in the thermodynamics of polymers and polymer-
isation. In the foreword to the American edition of H Sawada's
book "Thermodynamics of Polymerisation', the Editor, Prof.
O'Driscoll, noted justifiably that any description of polymer-
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isation which does not include thermodynamics is incomplete
and the solution of certain problems is altogether impossible
without a thermodynamic analysis.6 It is noteworthy that the
role of thermodynamics in the understanding of polymerisation
processes has now been recognised and the thermodynamic
aspects of polymerisation have been used systematically for the
solution of current problems in polymer chemistry. Unfortu-
nately, suitable data on the thermodynamic properties of poly-
mers and the corresponding monomers are not always available.
These data may be obtained mainly as a result of specific and
laborious precise calorimetric studies. The majority of such
studies have not been systematic. Because of this, the results
obtained are scattered through scientific periodicals. The thermo-
dynamic foundations of the technology of the synthesis of
polymers may be used in theoretical and applied developments
(see, for example, Lebedev and coworkers 7> 8). The discovery of
the dependence of the thermodynamic properties and parameters
of reactions on the compositions and structures of the reactants is
particularly valuable because they can be used successfully for the
estimation of the corresponding quantities for polymers and
polymerisation reactions which have not yet been investigated
(for example, those described by Vasil'ev9 and Lebedev and
Yevstropov10).

The aim of the present review is the analysis, critical selection,
and survey of the thermodynamic properties of polyolefins and
the parameters of their formation reactions over a wide tempera-
ture range and the determination of the dependences of the above
properties and reaction parameters on the compositions and
structures of the reactants and their physical states and on
temperature at the standard pressure.

General information about the polymers considered in this
review is presented in Table 1. All polyolefins are high-molecular-
mass compounds, which rules out influence of molecular mass on
their thermodynamic properties and on the parameters of the
polymerisation reactions of the initial monomers. The calcula-
tions and estimations of the thermodynamic properties refer to
1 mole of the monomer repeat units of the macromolecules. In the
tables of the thermodynamic properties and processes, the values
quoted usually refer to the amorphous and crystalline states; if
necessary, they can be readily estimated for any degree of
crystallinity.
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Table 1. General information about the polyolefins under consideration.

Name

Polyethylene
Polydeutero-

ethylene
Polypropylene

Polybut-1-ene
Polyisobutylen"
Polypent-1-ene
Poly-3-methyl-

but-1-ene
Polyhex-1-ene
Poly-4-methyl-

pent-1-ene
Polydec-1-ene

Monomer
repeat unit

formula

- C 2 H 4 -
- C 2 D 4 -

- C 3 H 6 -

- C U H g -

- C H 8 -
— C5H10—
— C5H10—

- C 6 H i 2 -
- C 6 H 1 2 -

—C10H20—

'Amorphous specimen; in all the
partly crystalline.

mass

28.054
32.086

42.080

56.104
56.104
70.134
70.134

84.163
84.163

140.268

remaining cases,

Micro-
structure
(tacticity)

_

-

Atactic,
iso tactic,
syndiotactic
Isotactic
-
Isotactic
ti

n
it

it

the specimens were

n. Elements of the thermodynamics of
polymerisation and polymers
In any physical state, real polymers exist in a state of metastable
thermodynamic equilibrium,11 so that the methods for the
investigation of classical thermodynamics12 are applicable to
them, as well as other metastable systems. In particular, the
theory of the occurrence of chemical reactions and their equili-
bria based on the Second Law of Thermodynamics is fully
applicable to polymerisation processes.13'14 The following char-
acteristics are the thermodynamic parameters of polymerisation
reactions: the thermodynamic constant of the polymerisation-
depolymerisation process Aĵ ] and the equilibrium concentration
of the monomer [M]£ in the equilibrium reaction mixture; the
enthalpy Apoi/T, the entropy ApoiS°(7), and the Gibbs free energy
ApoiG^T) of polymerisation; the upper (T£u) and lower (T£v)
limiting polymerisation temperatures.6-13~15 The circle in the
superscript position indicates that the thermodynamic para-
meters of the polymerisation process occurring at the standard
pressure/)" = 101.325 kPa are considered.

The Law of Mass Action is expressed by the following relation
for the polymerisation reaction:

In their turn, K^ and [M]° are related to the standard Gibbs free
energy of polymerisation by the van't Hoff equation.

The equilibrium concentration of the monomer can be
expressed in terms of the enthalpy and entropy of polymerisation:

where R is the gas constant.
This equation is frequently used to obtain the values of

ApoiH°(T) and ApoiS°(r), assuming that the enthalpy and entropy
are independent of temperature in the experimental range of the
latter. Subject to this condition, ln[M]° is plotted against l/T on
the basis of the values of [M£ measured at several temperatures.
This is usually a straight line, so that

ApolH°(AT)= -Rtga,

Ap o l5°(Ar) =

where a is the slope of the straight line. The enthalpy and entropy
of polymerisation are the averages of the quantities in the
temperature range of measurement of \M£-

The temperature variations of A ^ and [M]° are expressed by
the van't Hoff equation of the reaction isobar.

The influence of temperature on [M]° is determined by the
numerical value and sign of the enthalpy of polymerisation. The
greater the numerical value of Apoi/T, the more marked is the
variation of [M]£, and, if Apoi/T < 0, then [M]£ increases with
increasing temperature and conversely. All the formation reac-
tions of polyolefins are exothermic, so that the equilibrium yield of
the polymer produced by them increases with decrease in
temperature.

The influence of pressure on the polymerisation-depolymer-
isation equilibrium constant AN, expressed in terms of the mole
fraction of the monomer in the reaction mixture, is described by
the equation11-16

V 9P RT

where ApoiK is the difference between the molar volumes of the
polymer and the monomer at the specified temperature and
pressure. For moderate pressure (p), one can use the approximate
relation

2-——,

where ApoiF" is the difference between the molar volumes of the
polymer and the monomer at the standard pressure. Since
Apoi^ < 0 in the polymerisation of olefins, an increase in
pressure is favourable as regards the yield of the polymers. This
equation is applicable to the case where the pressure amounts to
tens and even hundreds of atmospheres.

The temperature dependences of the enthalpy, entropy, and
Gibbs free energy are expressed by the Kirchhoff and
Gibbs -Helmholtz equations.16

The influence of temperature on ApoiH°(T) and ApoiS°(r) is
determined by the numerical values and signs of ApoiC^(7) and
AtiH°, while its influence on ApoiG^T) is determined by the
numerical value and sign of ApoiH°(T). For the polymerisation
reactions of olefins, ACP(T) and Apoifl°(7) are usually negative.
As a result of this, the numerical values of Apoi//°(T) and
ApoiiS°(r) increase with increasing temperature but remain neg-
ative, while ApoiG°(7) diminishes with a consequent decrease in
the yield of the polymer corresponding to thermodynamic
equilibrium; on the other hand, it increases with decrease in
temperature.

The dependences of the enthalpy, entropy, and Gibbs free
energy on pressure are expressed by the following equations:17"20

dp,
V

+ r A^v^dp,

where p° is the standard pressure.
Apoi/T

>(7) and ApoiS^T) for the polymerisation of olefins are
negative, whilst the entropy factor TApoxS'iT) increases faster
with temperature than Apoi/TXT), so that at the upper limiting
temperature T^ the enthalpy and the entropy factor are equalised
and Apoi&iTcen) = 0. It can be shown that at moderate pressures



Thermodynamics of polyolefins 1041

Pressure can amount to tens and in certain cases even thousands of
atmospheres.n At T < T^h the equilibrium in the polymerisation
reaction is displaced towards the formation of the polymer,
whereas at T > T^ it is actually displaced towards the initial
monomer. At temperatures close to r « a and higher, the polymer
rapidly depolymerises to the initial monomer under kinetic
conditions.13-15 Since A p o i F " ^ ) and A p o i ^ r ^ , ) for the
polymerisation reaction are negative, their ratio is positive and
T£n accordingly increases with increase in pressure. This leads to
the expansion of the range of temperatures favouring polymer-
isation and to the thermodynamic stability of the polymer.

Heat capacity is one of the most important thermodynamic
quantities entering into key thermodynamic relations.16-2I>22

A series of quantum theories of the heat capacities of chain
structures — linear polymers have now been developed: the
Stockmayer-Hecht theory2 3 based on the analysis of the vibra-
tional spectrum of the lattice formed by the polymer chains;
Tarasov's theory of the heat capacities of chain structures24

based on the analysis of the vibrational spectrum of a one-
dimensional continuum (rigid string); Lifshits's theory25 also
based on the consideration of the vibrational spectrum of a one-
dimensional continuum. In contrast to Tarasov, Lifshits chose
thin rods (needles) as the one-dimensional continuum. All the
above theories of heat capacity have been analysed critically by
Godovskii,26 who demonstrated convincingly that Lifshits's
theory of heat capacity has the greatest physical justification.
However, Tarasov's theory has nevertheless found extensive
practical application.24 It is expressed analytically by the follow-
ing equation:

where Di and D3 are symbols for the Tarasov and Debye heat
capacity functions respectively, 0\ and 63 are the characteristic
Tarasov and Debye temperatures, and 63/81 expresses the degree
of interaction of the chains. The generalised expression for the
Tarasov and Debye heat capacity functions assumes the form 24

^v m — jfftlx. I
[cxp(em/T) - I]3 T'

where m = 1 or 3.
Cheraoplekov27 compiled tables of the heat capacities of

chain structures, which greatly facilitate practical calculations of
the skeletal contribution to the heat capacities of chain polymers.
The characteristic temperatures 0\ and 63 are usually determined
by an inverse calculation from the experimental measurements of
the heat capacities of specific polymers over a temperature range.
Eqn (2) has been used particularly fruitfully by Wunderlich and
coworkers, for example, in two studies 28>29 for the calculation of
the heat capacities of linear polymers over a wide temperature
range (frequently from 0 to 1000 K). The contribution of atomic
vibrations to the heat capacities of polymers has been calculated
from vibrational spectroscopic data using the Einstein heat
capacity function.

The absolute value of the entropy S°(T) of a polymer is
expressed by the following equation:

q,(T)d\nT

where S°(0) is the zero-point (residual) entropy of the polymer at
r = 0 K , Cp{T) is the temperature dependence of the heat
capacity, and Atr<S° is the entropy of phase transitions.

For vitreous and partially crystalline polymers, S°(0) is non-
zero owing to the imperfection of the crystals, the thermodynam-
ically nonequilibrium configurations of the macromolecules
frozen at the glass transition temperature of the polymer Tg ,
and certain other possible factors. The attempts at a theoretical

estimation of S°(0), undertaken in a number of studies,30"32

usually lead to values ranging from 10 to 20 J mol"1 K~'.
Strictly speaking, the zero-point entropy of a crystalline polymer
is nonzero also owing to the imperfection of the crystals and
because the polymer is a mixture of macromolecules having
different masses.11'33 However, it has been shown31 that the
corresponding entropy of mixing of polymers in any physical
state is close to zero in cases where the average degree of
polymerisation is greater than 100. It has been suggested that the
quantity S°(0) could be neglected without significant error for
polymers with a degree of crystallinity of 100%.

A number of investigators34"36 developed a method for the
estimation of S°(0) for polymers in the amorphous state from
calorimetric measurements for partially crystalline polymers. The
values of 5°(0) for more than 100 vitreous polymers of different
chemical composition and structure have now been obtained from
the results of the corresponding calorimetric measurements. These
results have largely confirmed the theoretical estimates. It was
found that in most cases S°(0) is ~ 10% of 5° (298.15 K) for the
corresponding polymers in the amorphous state. It is also of
interest that S°(0) amounts to between 10% and 80% (in most
cases ~ 50%) of the entropies of fusion of the corresponding
polymerswitha = 100%.11>13Itisnotpermissibletoneglect5°(0)
in accurate thermodynamic calculations.

It has been established37"39 that the configurational entropy
S£onf makes the main contribution to S°(0) and that frequently we
have iŜ onf ^ 5°(0). It has also been shown that S^,nf can be readily
estimated from the formula37

sra'conf = f" ACp(T°) d lnT , (3)

where AC£(rg°) is the increase in heat capacity on devitrification
of the polymer at rg° , while r2

o is the Kauzmann temperature 37> *>
and T°/T2 * 1.29. The quantities in Eqn (3) may be determined
experimentally.

Thus the methods developed for the estimation of 5°(0) made
it possible to overcome the significant difficulties in the calcula-
tions of SF(T) and Apoi5°(0), which in its turn opened a way to the
full employment of calorimetric data for the calculation of the
polymerisation - depolymerisation equilibrium.

III. Calorimetric research methods
1. Combustion calorimetry
The enthalpies of polymerisation of olefins have been calculated
mainly from the experimental combustion energies of the mono-
mers and the corresponding polymers. The reactants were
combusted in bomb calorimeters.41"45 Typical conditions in the
measurements of combustion energies have been published.46 A
calorimeter with an isothermal jacket and a static bomb was used.
The design of the calorimeter and the experimental method were
similar to those described by Skuratov et al.42

2. Adiabatic vacuum calorimetry
The temperature dependences of the heat capacity and of the
temperatures and enthalpies of physical transformations at low
and moderate temperatures have been investigated in adiabatic
vacuum calorimeters.47"51 A number of olefins and polyolefins
have been investigated in an adiabatic fully automated vacuum
calorimeter, the design and method of employment of which have
been described.51 "5 3

3. Dynamic calorimetry
An automated differential calorimeter, working in accordance
with the triple thermal bridge principle, is usually employed for
measurements by dynamic calorimetry.54 The design and method
of employment of the calorimeter have been described.55-56 A
characteristic feature of the measurements of C£ in this calori-
meter is that it is calibrated for each individual measurement.
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The sensitivity of the calorimeter has been raised to
1.3 x 10~2 J K"1 and the error of the heat capacity measure-
ments has been reduced to l%-4%. However, since in the
experiments of Lebedev et al.57 the heat capacities of the test
substances in the temperature range 2S0 - 340 K were measured in
an adiabatic vacuum calorimeter subject to an error of 0.2% and
the conditions of the measurements in a dynamic calorimeter were
chosen so that the values of Cp obtained in the above temperature
range were the same in both calorimeters, it was assumed57 that, at
T > 340 K, Cp measured in the dynamic calorimeter is subject to
an error within the range 0.5% -1.5%.

It was shown that the temperature and method of measure-
ment make it possible to obtain CJJ for solid and liquid substances
with an error up to 1%, the temperatures of physical transforma-
tions can be measured with an error up to 1.0 K, while the
enthalpies of the transformations are subject to an error up to
0.8%.30

IV. Heat capacity
The heat capacities C£ of polyolefins in the range from 5-10 to
350 K have been investigated as a rule in adiabatic vacuum
calorimeters, while those at T > 350 K have been determined in
dynamic calorimeters. In adiabatic vacuum calorimeters, between
90 and 150 experimental Cp values were obtained in 10-25 series.
The calorimeter tube was charged with between 2 and 6 g of the
test substance. The heat capacity of the specimens was 50% - 70%
relative to the overall heat capacity of the calorimeter tube with
the test substance. The experimental values of Cp1 were averaged
by the method of least squares. The scatter of the points around
the corresponding averaging curves was 0.7% in the range
5-30 K, 0.07% in the range 30-150 K, and 0.02% in the range
150-340 K. In the study of substances in the dynamic calori-
meter, the Cv measurements were performed under the conditions
of continuous heating of the calorimeter with the test substance.
The rate of heating was varied from 16.7 xlO~3 to
8.3 x 10~3 K s~' for the same substance in different series. The
duration of a single measurement was ~ 20-25 s.

All the polyolefins investigated are partly crystalline polymers
with the exception of the fully amorphous polyisobutylene and
polyhex-1-ene.

Figure 1 presents a typical temperature dependence of the
heat capacity of a partly crystalline polymer. Evidently, the heat
capacity of a mixture of die vitreous and crystalline polymers
increases smoothly in the range from the temperature at the
beginning of the measurements from 6 K to the temperature of
the onset of devitrification of the amorphous part of the specimen
of 260 K (AR). In the range of devitrification temperatures, C£
increases comparatively sharply with increase in temperature
(RN) and then rises smoothly up to the temperature of the onset
of the fusion of the crystalline part of the polymer (NQ). The
fusion of the crystals is responsible for the anomalous variation of
the heat capacity in the fusion range (QSHUE). The heat capacity
of the polymer melt increases with increasing temperature (EF).
Before proceeding to the analysis of the published data on the heat
capacities of polyolefins, we shall make several remarks concern-
ing the methods for the determination of the degree of crystallinity
of polymers.

The degree of crystallinity of polyolefins a is determined as a
rule from calorimetric data with the aid of the following equa-
tions:26-58'59

100 1 -

a= 100-
A f l M / / »

fc = 100%)'

(4)

(5)

50 -

100

Figure 1. Typical temperature variation of the heat capacity of a partly
crystalline polymer for isotactic polybut-1-ene as an example.69"71

State of the polymer: ABC — crystalline, a = 100%, AB — vitreous,
LD — highly elastic, DEF — liquid, AR — partly crystalline (form I,
a « 77%; amorphous component in the vitreous state), RNQ — ditto, but
with the amorphous component of the polymer in the highly elastic state;
QSHUE — apparent heat capacity in the melting range of the crystals of
form I.

where AC£(a) and ACpXa = 0) are respectively the increase in the
heat capacity at the glass transition temperature T£ of the partly
crystalline and fully amorphous (o = 0) polymer, while At^H°(a)
andAfUSfl°(a = 100%)aretheenthalpiesoffusionofthepolymer
with a degree of crystallinity a and of the fully crystalline polymer.

ACpXa) and ACjtfa = 0) were obtained graphically (sections
BM and BL in Fig. 1). Point B was found by the linear extrapola-
tion of the temperature dependence of the heat capacity of the
partly crystalline polymer between T < 7"g° and rg°. Point B
corresponds to the heat capacity of a mixture of the vitreous and
crystalline materials, but C£ is assumed to be equal at this point to
the heat capacity of the polymer in the vitreous state. This is based
on the experimentally observed equality of the heat capacities of
the same polymer in the vitreous, partly crystalline, and even fully
crystalline states at T < rg° within the limits of the error of the
measurements (differences between the values of C^ less than
0.2%).36> M Point M corresponds to the heat capacity of the same
mixture of crystals with the amorphous component of the polymer
in the highly elastic state. It was obtained by extrapolating the
Cf = i(T) relation (section NQ) between the end of the devitrifica-
tion of the amorphous component and the onset of the prefusion
of the crystalline component of the polymer. The increase in Cv

(section B) is associated with the devitrification of the amorphous
component of the polymer. Point L was found by the linear
extrapolation of the relation C£ = f(J) for the liquid polymer (EF)
into the region of its T°. Section BL corresponds to the increase in
heat capacity owing to the segmental mobility of the macromole-
cules, which appeared in the course of the devitrification of the
polymer in the amorphous state (the a-transition).61

On slow stepwise cooling, it is possible to measure the heat
capacities of certain polymers in the range from point EXoL (for
example the heat capacity of the polymer in the highly elastic state
in Fig. 1), whereupon the deviations of the C£ points from the
corresponding straight line DL are comparable to the error of the
measurements of the heat capacity. Depending on the cooling
conditions, the polymers are obtained in both amorphous and
partly crystalline states. It is sometimes possible to measure CJJ in
both states,62-"whereupon the Cp = f(7) relation for the polymer
in the highly elastic state is located as a rule on the prolongation of
the temperature variation of the heat capacity of the liquid (FE) to
point L. Clearly the ratio of the sections BM/BL is equal to the
fraction of the amorphous component of the polymer, while the
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difference 1—BM/BL represents the fraction of the crystalline
component of the polymer. The degrees of crystallinity of the
polymers found from calorimetric and X-ray diffraction data
agree subject a discrepancy which is usually within the limits of
3 % - 5 % . 6 4

In conclusion, we may note that the calorimetric method for
the determination of the degree of crystallinity from the increase in
the heat capacity at T° yields satisfactory results for low and
moderate degrees of crystallinity, but may lead to significant
errors for higher values of a.26

Polyethylene (PE) is one of the most thoroughly investigated
polymers. Approximately 50 studies have been published in which
the results of calorimetric investigations on ~ 100 polyethylene
specimens having linear and branched structures, different molec-
ular masses (from 2.5 x 104 to 8 x 106), and different degrees of
crystallinity (from 25% to 97%) have been published for tem-
peratures ranging from 0.16 to 570 K. Ail the published investiga-
tions have been thoroughly analysed and surveyed by Wunderlich
and coworkers.65 They obtained as a result the temperature
variations of the heat capacity of PE in the crystalline, vitreous,
highly elastic, and liquid states at temperatures in the range
0-600 K. It was shown that Cp for crystalline PE increases
smoothly with increase in temperature in the range from 0 to
360 K, after which there is a sharp rise in heat capacity owing to
the onset of fusion, which occurs in the range 360-414 K. An
anomalous Cp = f(7) relation corresponds to the fusion process.

The heat capacity of vitreous PE also increases smoothly with
increase in temperature from 0 to 200 K, after which the rise of Cp
becomes appreciably faster owing to devitrification, which is
completed at 250 K. In the highly elastic and liquid states, the
heat capacity of PE is a linear function of temperature. In the
region of very low temperatures, Cp of crystalline PE obeys the
Debye 713 law (in the range 1 - 9 K), while Cp of vitreous PE is
described by the equation

Cp = aT3 + bT,

where a and b are constants. A similar relation is characteristic
also of other amorphous solids. At temperatures in the ranges
from 0 to 60 K and from 150 to 414 K, the heat capacities of
amorphous and crystalline PE differ markedly, that of amorphous
PE being higher. An additive dependence of the heat capacity on
the degree of crystallinity of PE is manifested. In the range
60-150 K, the heat capacities of crystalline and amorphous PE
are close: the differences do not exceed ±2%. The heat capacity of
branched PE is always slightly higher than that of the linear
polymer. Differences between the heat capacities were not
discovered in a study of PE specimens having different molecular
masses (from 6 x 104 to 1 x 106) in the same physical state.

Polydeuteroethylene (PDE). The results of the study of the
temperature variation of Cp of polydeuteroethylene have been
published.66'67 Rabinovich et al.66 investigated in an adiabatic
vacuum calorimeter a PDE specimen with a degree of deuteration
of 93% and a degree of crystallinity of 72% in the range
80-310 K. The molecular mass of the polymer is not indicated.
The results of experimental measurements of Cp were extrapo-
lated to 100% crystallinity on the basis of the proportionality of
the differences between the heat capacities of the polymer in the
amorphous and crystalline states. The values of Cp of the fully
crystalline PDE were in their turn extrapolated to 100% degree of
deuteration assuming that the difference between the heat capaci-
ties of PDE and PE at a specified temperature is proportional to
the deuterium content. The heat capacity of PDE has been
investigated 67 in adiabatic vacuum and dynamic calorimeters in
the temperature ranges 5-330 and 330-450 K respectively. The
degree of deuteration of the test specimen was 98%, its degree of
crystallinity was ~ 92%, and its molecular mass was 2 x 105. The
error of the measurements was ~ 0.2% in adiabatic vacuum
calorimeters66-67 and from 0.5 to 1.5% in a dynamic calori-
meter.67 The results obtained by Lebedev and Smirnova67 are
presented in Fig. 2. Evidently there are several characteristic
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Figure 2. Heat capacities of polydeuteroethylene (ABSCEF)61 and
polyethylene {ALMNP).6i

State of the polymer: ABSC — crystalline, a = 92%, EF— liquid, C D -
apparent heat capacity in the melting range; AL—crystalline, a = 100%,
NP — liquid, LMN — apparent heat capacity in the melting range;
Tfm(CD) and T^JjCH) — melting points of polydeuteroethylene and
polyethylene respectively, RN — increase in heat capacity on fusion of
polyethylene; for the explanation of the remaining symbols, see text.

sections on the Cp = f(7) curve corresponding to the variation
of the heat capacity with increasing temperature: 0 - 60 K (AB) —
along this section, Cp increases rapidly; 60-200 K (BS) — the
range in which C° is a linear function of temperature, which
occurs for all chain polymers; 200-350 K (SQ — the section
along which the rate of change of Cp is higher than along the
preceding section, which may be associated with the devitrifica-
tion of the amorphous component of the specimen; T > 350 K
(CD) — along this section, Cp increases sharply owing to the
fusion of the polymer crystals. The heat capacity of the polymer
melt (EF) is a linear function of temperature and a very weak one
at that.

Comparison of the heat capacities Cp found in the above two
investigations6667 shows that, according to the data of Lebedev
and Smirnova,67 the heat capacity in the range 20-220 K is
3% - 1 0 % higher than in the study of Rabinovich et al.,66 in the
temperature range 220-260 K the heat capacities virtually
coincide, while in the range 260-310 K the heat capacities are
3 % - 6 % lower according to the data of Rabinovich et al.66 The
above discrepancies between the values of Cp are apparently a
consequence of the different degrees of deuteration and crystal-
linity of the test specimens and also of the above assumptions in
the extrapolations.

Polypropylene (PP). More than 25 studies have been published
in which the results of calorimetric measurements of the heat
capacities of 34 specimens of atactic, isotactic, and syndiotactic PP
are presented. Specimens with molecular masses from 8.9 x 103 to
6.4 x 105 and degrees of crystallinity from 10% to 65% were
investigated. The heat capacity was determined in the temperature
range 0.5-600 K. Atactic PP specimens are amorphous, while
those of isotactic and syndiotactic PP are partly crystalline. All the
published results have been thoroughly analysed and surveyed by
Gaur and Wunderlich.68

The heat capacity of vitreous atactic PP increases smoothly
with increasing temperature in the range from 0 to 230 K; at
230 K, a more rapid rise of the heat capacity is observed,
apparently owing to the onset of devitrification. The heat
capacity of crystalline PP also increases smoothly with tempera-
ture in the range 0-280 K. At T > 280 K, the growth of C°
accelerates, which may be associated with the onset of the fusion
of the polymer. In the highly elastic and liquid states, Cp is a linear
function of temperature.
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In the crystalline state, the heat capacities C£ of isotactic and
syndiotactic PP are virtually identical; in the liquid state, the heat
capacities of atactic, isotactic, and syndiotactic PP are identical in
the experimental temperature range.

The heat capacity of vitreous PP is higher throughout than
that of crystalline PP. In the range from 20 to 150 K, the difference
between the values of Cp diminishes from 30% to 5%, in the range
150-200 K it is within the limits of 5%, while in the range
260-460 K the difference between the Cp of highly elastic and
crystalline PP is 25%. In the range 20-150 K and also between
the glass transition temperature and the melting point, Cp of
partly crystalline PP is linear function of the degree of crystal-
linity. The heat capacity of a partly crystalline specimen is higher
the lower its degree of crystallinity.

Polybut-1-ene. The temperature variation of Cp of isotactic
polybut-1-ene specimens in the partly crystalline and liquid states
has been investigated in the range 5-630 K.69~71 The degree of
isotacticity of the test specimens was ~ 9 0 % and the degree of
crystallinity of the polymer varied from 44% to 83% depending
on the crystallisation conditions. The crystalline component of
polybut-1-ene formed under these conditions consisted of one
crystalline modification or a mixture of two or three possible
crystalline modifications: rhombohedral, tetragonal, and hexago-
nal structures, which are designated as forms I, II, and III
respectively.72

Lebedev and coworkers 69 investigated a specimen of isotactic
polybut-1-ene with a degree of crystallinity of 77%. The crystal-
line component of the specimen consisted of form I. The heat
capacities of the specimen were measured in the temperature
ranges 6-35 and 200-304 K. Dainton et al.47 investigated Cp of
a polybut-1-ene specimen with a degree of crystallinity of 44%, the
crystalline component of the polymer consisting of a mixture of
two crystalline modifications: 37% of form I and 7% of form II.
The heat capacity measurements were performed in the range
22-310 K. Bares and Wunderlich71 published Cp data for
polybut-1-ene in the vitreous, highly elastic, and liquid states in
the temperature range 10-600 K.

Wilski and Grewer 70 investigated Cp of the polymer in the
range 250-430 K, but do not quote numerical values, confining
themselves to a plot of the temperature variation of Cp.

A common feature of all the polybut-1-ene specimens inves-
tigated is the equality of the heat capacities virtually within the
limits of the errors of measurement at temperatures below rg° for
the polymer. The values of Cp of the melt, found by Lebedev and
coworkers,69 also agree with those published by Bares and
Wunderlich.71 In the range 22-33 K, the data of Dainton
et al.47 and Lebedev et al.69 differ only within the limits of 1%,
but in the range 0 - 2 2 K the heat capacities are significantly
higher according to the results of Dainton et al.47 However, one
should bear in mind that Dainton et al.47 obtained then by
extrapolating the dependence of the measured values of Cp on T
in accordance with the Debye heat capacity function. In the range
200-220 K, which precedes the devitrification of the amorphous
part of the polymer, the heat capacity according to the results of
Lebedev et al.69 is ~ 1.5% smaller than that measured by Dainton
et al.47 This can apparently be accounted for by the influence of
the difference between the degrees of crystallinity (44% and 77%)
on the heat capacity of polybut-1-ene in the given temperature
range and, in particular by the difference between the effects of the
reinforcementn-73 of the vitreous component of the polymer by
the crystals which hinder the excitation of the segmental mobility
of the macromolecules. Overall, the temperature dependence of
the heat capacity of polybut-1-ene is a typical Cp = f(7) relation
for partly crystalline polymers.

In order to obtain the temperature dependence of the heat
capacities of polybut-1-ene in the crystalline and amorphous
states from the experimental heat capacities of a partly crystalline
polymer, use was made of the method described in detail by
Lebedev. "•60 This method is based on the fact that the Cp of
partly crystalline polymers at T < rg° virtually agrees with the

heat capacity of the polymers in the vitreous and crystalline states
within the limits of the error of the measurement; the linear
relation Cp = f(7) in the range from 50 - 60 K up to the glass
transition temperature is observed for all the chain polymers
investigated hitherto.26 The authors assumed that the extrapola-
tion of Cp of a partly crystalline polymer from rg° to T&, correctly
reflects the heat capacity of the polymer in the crystalline state,
while the linear extrapolation of the heat capacity of the polymer
in the liquid state to T° describes correctly, in its turn, the heat
capacity of the polymer in the highly elastic state. All the above
extrapolations are presented in Fig. 1. In order to obtain the
temperature dependence of the heat capacity of the polymer in the
highly elastic state (EDL), Bares and Wunderlich71 extrapolated
the temperature dependence of the heat capacity of liquid polybut-
1-ene (FE) to T°.

Polyisobutylene. The results of calorimetric studies on the
temperature dependence of the heat capacity of polyisobutylene in
the vitreous and highly elastic states have been published by Ferry
and Parks 74 and Furukawa and Reilly ,75 The measurements of Cp
were performed in adiabatic vacuum calorimeters. Ferry and
Parks74 studied the Cp of a low-molecular-mass (Afn = 49 x 103)
polymer specimen in the range 118-295 K. Furukava and
Reilly75 investigated a high-molecular-mass (Mn = 1.35x10*)
polymer with a narrow molecular mass distribution
(Afw/Afn = 1.16). Comparison shows that the heat capacity of
the low-molecular-mass polyisobutylene is always l % - 2 %
higher than that of the high-molecular-mass polymer, apparently
as a consequence of the difference between the molecular masses
of the test specimens (by a factor greater than 3000). The nature
and characteristics of the variation of the heat capacities of the
low- and high-molecular-mass polyisobutylenes do not exhibit
any differences: the heat capacities Cp of the polymer in the
vitreous and crystalline states increase smoothly with increase in
temperature; in the vitrification ranges, Cp = f(7) varies in the
usual way.11 Wunderlich and Baur21 averaged the values of Cp
quoted by Ferry and Parks74 and Furukawa and Reilly75 and
published a table of the heat capacities of polyisobutylene in the
range 0-380 K.

Polypent-1-ene. The temperature variation of the heat
capacity of isotactic polypent-1-ene has been investigated by
Wunderlich and coworkers76 in the range 220-430 K and by
Lebedev et al.77 in the range 9-500 K. The degree of isotacticity
of the test polymer specimens was 80% - 9 5 % and their degree of
crystallinity was 0% 76 and 60% .77 The experimental values of Cp
quoted in the above studies76-77 agree to within 1%. The
temperature variation of the heat capacity of polypent-1-ene is
typical for partly crystalline polymers. In the range 220-260 K,
the amorphous component devitrifies, whilst in the range
330-390 K the crystalline component melts. The heat capacities
of the polymer in the crystalline and amorphous states were found
by extrapolation, as for polybut-1-ene (see above).

Poly-3-methylbut-l-ene. The temperature variation of the heat
capacity of isotactic poly-3-methylbut-l-ene has been investigated
by Lebedev and coworkers 78 in the range 8.5-650 K. The degree
of isotacticity of the test specimen was ~ 9 5 % and its degree of
crystallinity 70%. On cooling melts of the initial specimen, the
degree of crystallinity changed from 50% to 88% during their
crystallisation and annealing. The amorphous component of the
polymer devitrified in the range 300-370 K and the crystalline
component melted in the range 500-610K. Some irregularity in
the temperature variation of Cp in the range 370-500 K is
probably associated with the recrystallisation processes during
the heating of the polymer. The temperature variation of the heat
capacity in the range 8.5-300 K exhibits no singularities of any
kind: Cp increases smoothly with increasing temperature. Imme-
diately after the end of fusion, small endothermic effects were
noted on the temperature variation of the heat capacity. For
example, such an effect occurred for the initial poly-3-methylbut-
1-ene specimen in the range 605-620 K. The maximum heat
capacity C°iiniU[ = 230.0 J mol" 1 K " 1 corresponds to 612 K. The
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deviation of the heat capacity from its normal value at this
temperature is ~ 8 J mol"1 K"1 .

It is noteworthy that the disposition of the C£ = f(7) curves
for the melt depended on the previous history of the specimens.
This can apparently be accounted for by the retention of a certain
amount of structure in the polymer after the fusion of its
crystalline component and its subsequent decomposition, which
requires an energy expenditure. A similar phenomenon has been
observed also for poly-4-methylpent-l-ene.

Polyhex-1-ene. Bourderiat et al.49 published the results of a
study of the temperature variation of the heat capacity of polyhex-
1-ene in the range 20-300 K. The measurements were performed
in an adiabatic vacuum calorimeter. The test polymer specimen
exists in the above temperature range in the vitreous and highly
elastic states (Fig. 3). Devitrification occurs in the range
200-225 K. In other respects, the temperature dependence of
the heat capacity of polyhex-1-ene exhibits no singularities,
increasing smoothly with temperature. The error of the measure-
ments of Cp was 0.2%-0.4%. We may note that this type of
Cp = f(I) relation is typical for fully amorphous polymers.
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Figure 3. Typical temperature dependence of the heat capacity of an
amorphous polymer for isotactic polyhex-1-ene as an example.49

State of the polymer: AB— vitreous, CE—highly elastic; BC— increase
in heat capacity on devitrification.

Poly-4-methylpent-l-ene. The temperature variation of the
heat capacity of isotactic poly-4-methylpent-l-ene was investi-
gated by Karasz et al.48 in the range 77-540 K, by Melia and
Tyson79 in the range 80-320 K, and by Lebedev et al.80 in the
range 7-670 K. The degree of isotacticity of the test specimens
was ~95 and the degree of crystallinity was 30%,48 65%,79 and
between 35% and 40% .80 The experimental values obtained by
Lebedev et al.80 in the range 77 - 300 K are smaller by ~ 1 % than
the data published by Karasz et al.48 and higher by 0.5% -1 .7%
than the results quoted by Melia and Tyson,79 the scatter of the
experimental points being ~ 2 % .

Figure 4 presents the temperature variation of the heat
capacity of poly-4-methylpent-l-ene. The amorphous compo-
nent of the polymer devitrified in the range 270-320 K and the
crystalline component melted in the range 470-557 K for the
initial specimen and 450-550 K for specimens obtained on
cooling and crystallisation of the initial specimen.

Apart from devitrification and fusion, two additional anoma-
lies in the heat capacity were manifested on the Cp = f(T) curve
for the initial polymer specimen: one in the range 360-390 K
(between the glass transition temperature and the melting point)
and the other in the range 575 - 600 K (at temperatures above the
melting temperature range, i.e. in the polymer melt). In all the
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Figure 4. Heat capacity of isotactic poly-4-methylpent- 1-ene.48'79'l0

State of the polymer: ABC—crystalline, a = 100%, AB—vitreous, GF—
highly elastic, FQE — liquid (isotropic melt). AOVLMNPHRS — heat
capacity of the initial specimen (after synthesis and purification): AB —
partly crystalline, a = 35%, amorphous component of the polymer in the
vitreous state; OVLM—partly crystalline, a = 35%, amorphous compo-
nent in the highly elastic state; AfiVP — apparent heat capacity in the
melting range; PHRS — heat capacity of a melt containing condis-
crystals, HRS — apparent heat capacity in the melting range of the
condis-crystals, AOZ — heat capacity of the polymer with a = 40%
(obtained by cooling the melt of the initial specimen), amorphous
component of the polymer in the vitreous state from 0 K to Tg ,
amorphous component of the polymer in the highly elastic state from T£
to 440 K (point Z); ZWQ — apparent heat capacity in the melting range.

subsequent experiments, these anomalies were not reproduced.
The dependences of the heat capacity in the temperature range
corresponding to the end of devitrification and up to the
temperature of the onset of fusion coincided within the limits of
1.5%. The errors of the measurements were approximately the
same. In each of the experiments, the heat capacity of the melt
increased smoothly with rising temperature from T^ to
610-670 K, but the positions of the C° = f(T) curves relative to
one another fell systematically from experiment to experiment
becoming stabilised only in the fourth - fifth experiments (QE). At
600 K, Cp decreased by ~5 .5% from the first to the fourth and
fifth experiments. The anomaly in the heat capacity in the range
Tg - Tfa was discovered by Karasz et al.48 Its appearance was
attributed to the presence in the poly-4-methylpent-l-ene speci-
mens, together with the main crystalline modification, of a small
amount of another crystalline modification formed in the syn-
thesis of the polymer. Hitherto five different crystalline modifica-
tions are known for this polymer.81'82 The anomaly in Cp in the
poly-4-methylpent-l-ene melt is apparently caused by the pres-
ence in the latter of mesomorphic formations,83 which gradually
decompose from experiment to experiment during the measure-
ments of the heat capacities of the melts. In the fourth and fifth
experiments,80 the melt probably becomes fully isotropic.

Polydec-1-ene. The temperature variation of the heat capacity
of isotactic polydec-1-ene has been investigated in adiabatic
vacuum and dynamic calorimeters in the range 5-450K.78-84

The degree of isotacticity of the test polymer was 90% and its
degree of crystallinity was 35%. Approximately 200 experimental
values of Cp were obtained in 20 series reflecting the sequence of
the measurements. The averaged Cp = f(7) curves are presented
in Fig. 5. The amorphous component of the polymer devitrified in
the temperature range 190-230 K (NP).

The fusion of the crystalline component of polydec-1-ene was
observed in the to range 240-315 K; it occurred in two stages, to
each of which corresponded an apparent temperature variation of
the heat capacity: RZQM and MUSF. It was found that
polyolefins with bulky side substituents form crystals, like other
polymers with a similar structure,85 as a result of the crystallisa-
tion of the main polymer chains and the crystallisation of the side
substituents;86 for polydec-1-ene, they are designated by crll and
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Figure 5. Heat capacity of isotactic polydec-1 -ene.84

State of the polymer: ABC — crll and crl crystals, CD - crl crystals;
AB — vitreous, HLE — highly elastic, EJ — liquid; ANPR — partly
crystalline (a = 35%): the amorphous component of the polymer in the
vitreous state along section ANanA in the highly elastic state along section
PR; NP — heat capacity in the vitrification range; RZQM — apparent
heat capacity in the melting range of crll crystals; MUSF— apparent heat
capacity in the melting range of crl crystals.

crl respectively. On slow cooling of the polymer melt, it was
possible to measure its heat capacity in the supercooled (highly
elastic) state between 270 K and a temperature below the melting
points of crll and crl crystals. The attempts at a more extensive
supercooling terminated in each case by the spontaneous crystal-
lisation of the polymer with the simultaneous formation of crl and
crll crystals, after which the heat capacity was described by the
RZQMUSF curve (Fig. 5). The temperature variation of the heat
capacity of the polymer in the partly crystalline (AN), supercooled
liquid (LE), and liquid (EFJ) states exhibits no singularities of any
kind: it increases smoothly with increasing temperature.

V. Thermodynamic parameters of fusion
The thermodynamic parameters of fusion have been obtained for
all the polyolefins investigated (Table 2) with the aid of dynamic
calorimeters. The temperature corresponding to the maximum
apparent heat capacity in the melting range of the polymer was
adopted as the melting point 7^,. For example, for polybut-1-ene
this is the temperature at point H in Fig. 1. The results of

experiments with the lowest rate of heating of the calorimeter
with the test substance (< 2.7 x 10~2 K s~') were normally
employed for this purpose in accordance with the recommenda-
tions of Bernshtein and Egorov.87 The enthalpies of fusion
Afus/T(a) were measured as a rule in three experiments and the
average result with an arithmetical mean deviation was adopted as
Afu*H°(a). In a separate experiment, AfU»Ho(a) was calculated as
the difference between the integrals of the temperature variations
of C° in the melting range, obtained from the apparent (QSHUT)
and normal (QPDE) heat capacity curves (Fig. 1). All the
polymers investigated were partly crystalline with the exception
of the fully amorphous polyisobutylene and polyhex-1-ene. The
enthalpies of fusion AfUS/T'(a) were obtained in experiments for a
degree of crystallinity a. The molar enthalpies of fusion of the fully
crystalline polymers were calculated from the formula88

Afus#°(a=100%) = 100 (6)

The entropy of fusion Afu8S°(a = 100%) was calculated from
the values of Afu8fl°(a = 100%) and T^ by the formula

AflMS°(a=100%)
^ = 100%)

'fiis
(7)

We shall now consider the characteristic features of the
behaviour of certain polyolefins on fusion and crystallisation.
Depending on the conditions in the crystallisation of poly but-1-
ene (the nature of the solvent, the rate of cooling of the melts, etc.),
crystals of forms I, II, and III are produced. On heating, the
crystals usually melt without interconversions, but Clampitt and
Hughes89 observed a spontaneous transition of the crystals of
form II into those of form I, which occurred at ~ 300 K in the
course of seven days. The temperatures and enthalpies of fusion of
crystals of forms I-III, measured calorimetrically, have been
published by Lebedev et al.69 and those of crystals of forms I
and II have been published by Wilski and Grewer.70

As an example, we shall consider the results of an experiment
designed to determine the thermodynamic parameters of the
fusion of polybut-1-ene published by Lebedev et al.69 Fig. 6
presents the temperature variations of the heat capacity of the
initial polymer specimen (curve i) and the specimens obtained by
crystallising its melt directly in the calorimeter on cooling from
500 to 200 K at different rates: 5 x 10~2 (curve 2) and
1.5 x 10~2 K s (curve 3). The initial specimen was crystallised
from solution in isooctane during its precipitation with isopropyl
alcohol, whereupon the crystalline form III was formed. Crystals
of form III melted in the range 280-385 K and their fusion was
completed by the onset of the crystallisation of the melt in form II.
This is indicated by an exothermic process which completes the

Table 2. Thermodynamic parameters of the fusion of polyolefins.

Polymer

Polyethylene
Polydeuteroethylene
Polypropylene
Polybut-1-ene

Polypent-1-ene
Poly-3-methylbut-1 -ene
Poly-4-methylpent-1 -ene
Polydec-1-ene

Crystal •

cr
cr
cr
crl
crll
crIII
cr
cr
cr
crll
crl

a c r l - c r l l l are different crystalline forms.

414.6
415
460.7
406.8
393.0
374.0
388
584
508
276
301

/kJmol - 1

8.8±0.1
-
9.2±0.8
7.11
3.68
2.67
5.58
6.04

10.2
6.43
7.23

AfllI,S°
/ J m o l - 1 K - 1

21.2±02
-

20.0±1.6
17.5
9.36
7.14

14.4
10.4
19.5
23.3
24.0

Ac;(7>y
/Jmol-'K-1

-

-
-

15.7
-
-

16.1
1.5

11.5
-

39.0

Ref.

65,83
67
68,83
69,70
69,70
69
77,83
78
80
84
78
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Figure 6. Heat capacity of isotactic polybut-1-ene in the temperature ranges 200-300 K (a) and 300-600 K (b) (according to dynamic calorimetric
data, heating rate 1.7 x 10~2 K s-1).
(i) Specimen containing 65% of crystals of form III (with a hexagonal structure) and after their fusion and crystallisation of the amorphous component—
crystals of form II (with a tetragonal structure); (2) specimen containing 83% of crystals of form II; (3) specimen containing 77% of crystals of form I
(with a rhombohedral structure).

fusion of crystals of form III and precedes the fusion of crystals of
form II (the ABC exotherm in Fig. 66, curve 1). The crystals of
form II produced melted in the range 340-420 K (the endotherm
in the same figure). We may note that, on crystallisation from
solution, the initial specimen had a degree of crystallinity of 65%
(crystals of form III).

On cooling of the melt at a rate of 5 x 10~2 K s"1, crystals of
form II, constituting 83% of the mass of the specimen, were
formed. Crystals of form II melted in the range 340-420 K
(Fig. 66, curve 2), as for the initial polybut-1-ene specimen
(curve 1). When the melt was cooled at a rate of
1 .5x lO~ 2 Ks~ ' (approximately three times lower than in the
previous case), crystals of form I were produced, the degree of
crystallinity amounting to 77%. The crystals melted in the range
350-450 K (curve 3). We may note that at this or slightly higher
rate of cooling of the melt, a mixture of crystals of forms I and II
was formed (10% and 40% respectively). This has also been
observed by Dainton et al.:47 on slow cooling of the melt, a
mixture consisting of 7% of crystals of form I and 37% of those of
form II was obtained. The degree of crystallinity of the test
polymer specimens was determined by Eqn (4) from the values
of ACp(a) at the glass transition temperature. The values of
ACp(a) were found graphically from the curves describing the
temperature variation of the heat capacity and incorporating
devitrification regions (Fig. 6a, curves 1-3). AC°(T°) is
9.7 J mol"1 K - 1 for the specimen containing crystals of for-
m III, 4.3 J mol~' K~ ' for the specimen with crystals of for-
m II, and 58 J mol"1 K~ ' for the specimen with crystals of
form I. The increase in heat capacity on devitrification of poly-
but-1-ene in the amorphous state is

ACp(oc = 0) = 27.5Jmol"' K~ ' (section BL in Fig. 1).
The melting temperature ranges were determined graphically

as the temperatures of the onset and end of the anomalous changes
in heat capacity caused by fusion (apparent heat capacity endo-

therms in Fig. 66, curves 1-3). The temperatures corresponding
to the maximum heat capacity in the melting range were adopted
as the melting points (points D, E, and G on curves 1-3). The
enthalpies of fusion A//°(a) were determined by the method
involving the continuous injection of energy: for the crystalline
forms II and I in three experiments in each case and for form II in
one experiment. This yielded A//°(<x = 65%) = 1.735 kJ mol"1

for form III, A / / > = 83%) = 2.754 kJ m o l - ' for form II, and
&H°(<x = 77%) = 5.475 kJ mol"1 for form I. The molar enthal-
pies of fusion of each form were calculated by Eqn (5) from the
corresponding values of A/T(a) and a. The entropies of fusion
were calculated by Eqn (6) from the enthalpies of fusion and the
melting points. All the thermodynamic parameters of fusion are
listed in Table 2. The data of Lebedev et al.69 and Wilski and
Grewer 70 agree satisfactorily. Judging from the entropy of fusion,
the crystalline form I (rhombohedral crystals) is most ordered,
while form III is least ordered. Wilski and Grewer 70 established
that form III is thermodynamically least stable. We may note that
form III cannot be obtained under the conditions of calorimetric
experiments on crystallisation of melts of isotactic polybut-1-ene.
Furthermore, the determination of the melting temperature range
for crystals of form III, crystallised from solution, is complicated
by the onset of the crystallisation of the melt in form II, which
masks the termination of the fusion of form III. All these factors
preclude accurate measurements of the enthalpy of fusion of
form III. The enthalpy and entropy of fusion of form III listed
in Table 2 must therefore be regarded as only estimates.

According to data quoted by Andrianova72 and Raff and
Doak,90 polypent-1-ene can exist in two crystalline modifications:
I (crystals with a monoclinic lattice) and II (crystals with an
orthorhombic lattice). It was established that polypent-1-ene
usually exists in the crystalline modification I, while modification
II is formed extremely rarely. The melting points of modifications
I and II are respectively 403 and 348 K. The enthalpies of fusion of
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the polymer have been published.48'76-77 Their numerical values
vary from 3.98 to 6.28 kJ mol"1. The results of calorimetric
measurements of the thermodynamic parameters of fusion 77 are
listed in Table 2.

The thermodynamic characteristics of the fusion of poly-3-
methylbut-1-ene were determined in four experiments.78 In all the
experiments, the fusion of the polymer began in the range from
500 to 540 K and ended at 610 K. The melting temperatures
corresponding to the maximum apparent heat capacity varied in
the melting range from 576.8 to 584.9 K from experiment to
experiment. The rates of heating of the calorimeter with the test
substance increased under these conditions from 1.7x 10~2 to
3.3 x 10~2 K s"1. Table 2 lists the value of 7 ^ for the initial
specimen (heating rate 1.7 x 10~2 K s~')- For poly-3-methylbut-
1-ene specimens with degrees of crystallinity of 50%, 70%, 81%,
and 88%, the values of Afu,#°(a) = 3.04, 4.23, 4.91, and
5.31 kJmol" 1 respectively were obtained. They were recalcu-
lated for the polymer with 100% crystallinity by Eqn (6). The
melting range of poly-3-methylbut-l-ene has been published as
513-583 K.9)Minskeretal.92 g i v e r s = 545 K for a specimen of
isotactic poly-3-methylbut-l-ene with a degree of crystallinity of
90.5%.

Lebedev et al.80 carried out five experiments on the fusion of
poly-4-methylpent-l-ene (heating rate ~ 3 x 10~2 K s~') and
obtained a series of melting points ranging from 521.7 K in the
first experiment for the initial specimen to 508.5 K in the fifth
experiment. A decrease in 7"^, from experiment to experiment was
noted. In the fourth and fifth experiments, the values of 7^,
virtually coincided. A similar phenomenon has also been observed
by Andrianova.72 The arithmetical mean of the values of T Ĵ,
found in the fourth and fifth experiments was adopted as T&, for
poly-4-methylpent-l-ene (Table 2). The enthalpy of fusion of the
crystalline component of the specimen, obtained in the first
experiment, is lower than in the fourth and fifth experiments (in
the latter experiments the values of AfUSW are virtually identical).
The value found by Karasz et al.48 was adopted as the enthalpy of
fusion of the polymer with a crystallinity of 100%.

The apparent heat capacities in the melting range of crystals of
forms II and I of isotactic polydec-1-ene were measured with
continuous heating of the calorimeter containing the test sub-
stance at a rate of 8 x 10~3 K s"1.84 The temperature correspond-
ing to the maximum apparent heat capacity CpiB1M = 555.3
J mol~' K~' in the melting range was adopted as the melting
point 7^(11) of the crystals formed by the main chains; the
temperature corresponding to CpiinM = 495.3 J mol"1 K" 1 in
the melting range of crystals of form I was adopted as the melting
point Cpiinax = (I) of the crystals formed by the side substituents.
The enthalpies of fusion were found to be
A f u s # > = 35%; II) = 2.25 kJ mol"1 and Afu»Ho(a = 35%; I) =
2.53 kJ mol-1 . These values were recalculated for 100% crystal-
linity. The degree of crystallinity was calculated by Eqn (4) from
calorimetric data:84 AC;(T°; a = 0) = 60 and ACp°(rg°;
a) = 39 J mol" 1 K - 1 . In the calculations of the degree of
crystallinity, it was assumed that the value a found refers to

crystals of both form II and I. This means that, on crystallisation
of the main chains of the polymer, the corresponding amount of
side substituents crystallises simultaneous. In several consecutive
measurements of AfU8/T

>(II) and AfluA°(I) for different degrees of
crystallinity o, it was found that the ratio

0.7±0.2.
Afus/T(I)

is approximately constant.

VI. Parameters of vitrification and of the vitreous
state
The parameters of the vitrification and the vitreous state of the
polyolefins investigated are listed in Table 3. The glass transition
temperature T° was determined from the point of inflection in the
plots of the temperature variation of the entropy S°(T) = f(7) in
the vitrification range. The error of the determination of 7"g° by
this method is usually 0.5 -1.0 K.

The availability of the relations Cp = f(7) for the amorphous
and crystalline states and also of the temperatures and enthalpies
of the physical transformations made it possible to estimate the
differences between the enthalpies of the polymers in the vitreous
and crystalline states ^ ( 0 ) - f l ^ ( 0 ) at T = 0 K and the residual
(zero-point) entropy in the vitreous state Sjj(O). The corresponding
calculations were performed by means of published equa-
tions,11-33"93 which assumed the following form for polyolefins:

- ITa(0) = - C°p(g)]dT

-r
Jo

where Cp(cr) and Cp(g) are the temperature functions of the heat
capacities of the polymer in the crystalline and vitreous states
respectively.

The configurational entropy S^,nf of the vitreous polymer was
calculated by Eqn (3). The Kauzmann temperature T£ was found
graphically from the entropy diagram, as had been done, for
example, for polybut-1-ene (Fig. 7). The ratio TV1/7*2° for the
polymeric and monomeric glasses is usually 1.29,37-38 so that S^
was estimated from the formula37

Slorf =ACp(rg°)lnl.29.

It is especially convenient for the estimation of 5^,nf for vitrifying
but not crystallising polymers.

According to dynamic calorimetric data,69 the devitrification
of polybut-1-ene specimens (Fig. 6) with degrees of crystallinity of
65%, 77%, and 83% occurred in the temperature ranges
230-255 K, 265-270 K, and 270-295 K respectively. The glass
transition temperatures of these specimens were found to be
249 K for the first and 282 K for the other two. A dependence of

Table 3. Parameters of the vitrification process and of the vitreous state of polyolefins.

Polymer

Polyethylene
Polypropylene
Polybut-1-ene
Polyisobutylene
Polypent-1-ene
Poly-3-methylbut-l-ene
Polyhex-1-ene
Poly-4-methylpent-1 -ene
Polydec-1-ene

rg /K

237
260
249
200
238
327
216
300
208

AC5(r,)

Jmol-'K"1

21.0
19.2
27.5
22.6
21
32.1
29
33.6
60

3W

5.4
1.1
6.7
-
3.8
0
-
8

26

SSonf

3.2
4.4
7.0
5.7
2.3
8.2
7.4
8.6

15.3

flJ(O)-Jii(O)

/kJmol-'

5.0
4.2
3.7
-
2.4
1.9
-
5.6
8.4

Ref.

65
68
69
76
77
78
49,96
80
84
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5° (7 ) / Jmol - ' K -

200

150

100

50

Afl°(a; cr), AG°(a; cr) /kJ mol"

0 100 200 300 400 500 T/K

Figure 7. Entropy diagram for polybut-1 -ene.
State of the polymer: AEB — crystalline, CD — vitreous, DF— highly
elastic, FG—liquid, ED — hypothetical glass; AC—residual (zero-point)
entropy of the glass, BF—entropy of fusion.

the vitrification temperature ranges and of the glass transition
temperatures on the degree of crystallinity of the test specimens
was traced. The higher the values of a, the higher the temperature
range to which the temperature range of vitrification and T%° are
displaced. This is apparently caused by the effect due to the
reinforcement of the vitreous component of the polymer by
crystals,73 as a consequence of which difficulties arise in the
excitation of the segmental mobility of the polybut-1-ene macro-
molecules. The temperature rg° obtained for poly-3-methylbut-l-
ene agrees satisfactorily with rg° = 327 K published by
Andrianova.72 It is of interest that the zero-point entropy of this
polymer in the vitreous state was found to be zero. Strictly
speaking, within the limits of experimental error and the errors
associated with the assumptions made in calculations, it is equal to
the zero-point entropy of the polymer in the crystalline state. It has
been shown11-93 that S£r(0) = 0 for polymers in the crystalline
state. Apparently, the same features are characteristic of poly-3-
methylbut-1-ene as for poly-4-methylpent-l-ene.80 With decrease
in the degree of crystallinity, the density of the amorphous part of
the polymer increases, i.e. short-range order becomes more
marked with decrease in the long-range order in the disposition
of the units of the macromolecules in the crystal lattice.80 As a
result of the operation of these two effects (the increase in entropy
on breakdown of long-range order and its diminution on enhance-
ment of short-range order), the entropy changes are compensated
because the above factors act in opposition.

For polyolefins at 0 K, the difference between the enthalpies
of the vitreous and crystalline states varies from 1.9 kJ mol~ • (for
poly-3-methylbut-l-ene)to8.4 kJ mol"1 (forpolydec-l-ene).The
error in the values of H°g(0) - H°a(0) is ~ 10%. Vitreous polymers,
which are in principle capable of crystallising, exist in a metastable
state owing to the high activation energy for the rearrangement
and the extremely long relaxation times associated with this fact.
Clearly the difference between the Gibbs free energies of the
vitreous and crystalline states AG°(a; cr) constitutes an estimate
of the metastability of the amorphous polymer under the given
conditions. For the temperature range between 0 K and T^, the
above quantity may be calculated from the difference between the
enthalpies AH°(a; cr) and the entropies A5°(a; cr) of the amor-
phous and crystalline states at any temperature within the above
range by the formula' •

AG°(a; cr) = A//°(a; cr) - rAS°(a; cr),

A/T(a; cr) and A5°(a; cr) can be readily calculated in their turn
from the values of H°g(0)—Hlr(0) and AS° and the temperature
variations of the heat capacities of the polymer in the amorphous
(vitreous and highly elastic) and crystalline states in the above

- 2 . 5 -

-5 .0 -

-7 .5 -

0

2

1

100 200 300

AS°(a;cr)
/Jmol-'K-1

I- 0

1- - 5 . 0

'- -10.0

i- - 1 5 . 0

400 T/K

Figure 8. Temperature dependences of the enthalpy (1), entropy (2), and
Gibbs free energy (5) of the transition of polybut-1-ene from the
amorphous to the crystalline state in the temperature range from 0 K
to T&,.

temperature range, as has been done, for example, in the studies of
Lebedev and coworkers.7-94 Typical temperature variations of
AG°(a; cr), A/T(a; cr), and A5°(a; cr) are presented in Fig. 8 in
relation to polybut-1-ene.

VII. Thermodynamic functions
The thermodynamic functions of polyolefins in the range
0-600 K have been calculated with the aid of their experimental
heat capacities and the temperatures and enthalpies of the physical
transformations. For this purpose, the heat capacity of the
polymer was usually extrapolated from 5 -10 to 0 K using the
Debye function 59

(8)

where n and 0D are specially selected parameters. They are usually
chosen so that Eqn (8) describes the experimental heat capacities
Cp, or the average heat capacities for the range 5 -15 K obtained
from them, subject to an error not exceeding 1%-1.5%. In the
calculation of the functions, it was assumed that a t r < 5 - 1 0 K
the above equation reproduces the heat capacity of the polymer
with the same error. Wunderlich95 usually employed the two-
parameter Tarasov heat capacity function [see Eqn (2)] to
extrapolate the heat capacities of polymers. For example, the
corresponding characteristic temperatures for polyethylene in the
crystalline state are d\ = 519 K and 03 = 158 K.

The heat capacity of polyhex-1-ene was extrapolated from 20
to 0 K in terms of the specially selected equation 96

C°p = 0.0258 T + 0.02950 T2 + 0.000417 T3 .

Since virtually all the polymers investigated are partly crystal-
line with the exception of polyisobutylene and polyhex-1-ene,
their thermodynamic functions were calculated by the method
which makes it possible to evaluate the functions of the polymers
in the fully amorphous and crystalline states from the experimen-
tal data on properties of the partly crystalline polymers.' • •36

The functions (Table 4) were calculated on a computer by
means of the equations •] •94
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Table 4.

r/K

Thermodynamic functions of polyolefins under standard pressure.

Cv{1) H°(7)-H°(0) S°(7) -[G°(T)-H°(0)\ T/K c;

BVLebedev

(7) H°(T)-H°(0) S"(T) -[G°(T)-H°(0)]

Polyethylene65

Crystalline state

5
10
15
20
25
30
40
50

100
150
200
250
298.15
350
400

414.6

0.0249
0.1931
0.6336
1.459
2.446
3.676
6.376
9.046

18.91
25.74
31.14
37.10
43.40
49.32
54.76

56.32

Liquid state

414.6
450

500
550
600

71.70
74.76

79.08
83.41
87.74

Vitreous state

0
5

10
15
20
25
30
40
50

100
150
200

0
0.1133
0.7418
1.756
2.804

3.978
5.210
7.800

10.29
19.49
28.12
37.20

Highly elastic state

250
298.15
350
400
414.6

57.44
61.62
66.12
70.44
71.70

Polydenteroethylene 67

Crystalline state

5
10
15
20
25
30
40
50

100
150
200
250
298.15
300
350
400
415

0.6056
0.4884
1.293
2.392
3.750
5.270
8.315

11.51
21.33
29.15
37.89
46.16
54.13
54.52
62.92
71.25
74.00

0.000032
0.000488
0.002416
0.007468
0.01718
0.03242
0.08226
0.1598
0.8808
2.004
3.428
5.128
7.070
9.474

12.08

12.89

21.66
24.27

28.16
32.17
36.44

0
0.000139
0.002046
0.0082
0.01966
0.03574
0.0595
0.1245
0.2150
0.9766
2.162
3.796

6.034
8.900

12.21
15.63
16.66

0.00035
0.00180
0.00610
0.01521
0.03044
0.05301
0.1209
0.2198
1.076
2.335
4.007
6.104
8.518
8.619

11.55
14.91
16.04

0.0084
0.0654
0.2158
0.5008
0.9306
1.482
2.898
4.618

14.22
23.24
31.40
38.96
46.04
53.46
60.40

62.40

83.58
89.56

97.68
105.4
112.9

5.4
5.44
5.68
6.26
6.81
7.56
8.396

10.24
12.26
22.45
31.94
41.28

51.18
61.66
71.88
81.00
83.58

0.0748
0.2752
0.6116
1.128
1.802
2.621
4.553
6.745

18.22
28.32
37.88
47.20

56.02
56.35
65.38
74.34
77.12

0.00001
0.000176
0.000821
0.00255
0.00609
0.01205
0.03366
0.07106
0.5410
1.481
2.850
4.610
6.656
9.238

12.08

12.98

12.98
16.03

20.72
25.80
31.26

0
0.0270
0.0547
0.0857
0.1165
0.1525
0.1924
0.2854
0.3979
1.269
2.629
4.460

6.761
9.484

12.95
16.77
17.99

0.000023
0.000949
0.003080
0.007353
0.01461
0.02561
0.06120
0.1144
0.7457
1.913
3.569
5.697

8.183
8.287

11.33
14.82
16.01

Polypropylene68

Crystalline state

10
20
30
40
50
100
150
200
298.15
350
400
450
460.7

0.5538
3.572
7.065

10.20
13.02
26.25
37.57
47.63
65.17
73.94
82.42
90.90
92.72

Liquid state

460.7
500

112.7
118.6

Vitreous state
o
10
20
30
40
50
100
150
200
260

n
u
1.076
5.077
8.721

11.89
15.01
28.51
39.48
49.63
64.92

Highly elastic state

260
298.15
350
400
450
460.7

82.29
88.07
95.91

103.5
111.0
112.7

Polybut-1-ene 69

Crystalline state (crl)

5
10
15
20
25
30
40
50
100
150
200
250
298.15
300
350
400
406.8

0.1943
1.350
3.272
5.480
7.790

10.11
14.86
19.26
37.78
53.37
67.39
80.36
92.85
93.33

106.3
119.3
121.0

Liquid state

406.8
450
500
550
600

136.7
144.7
153.9
163.1
172.3

0.001099
0.02043
0.04381
0.1605
0.2768
1.258
2.862
4.994

10.56
14.16
18.07
22.40
23.39

32.59
37.14

A
\J

0.002311
0.03262
0.1021
0.2054
0.3398
1.445
3.152
5.374
8.792

8.792
12.05
16.81
21.80
27.16
28.36

0.00023
0.0037
0.0150
0.0368
0.0699
0.1147
0.2396
0.4105
1.848
4.138
7.167

10.86
15.03
15.20
20.19
25.83
26.65

33.76
39.83
47.29
55.22
63.61

0.1342
1.354
3.470
5.942
8.526

21.60
34.46
46.66
69.05
80.16
90.61

100.8
103.0

123.0
132.5

1 1
1.1

1.39
3.33
6.10
9.05

12.03
26.83
40.52
53.24
68.09

68.09
79.76
94.48

107.8
120.4
123.0

0.0585
0.4883
1.382
2.620
4.091
5.714
9.272

13.07
32.26
50.62
67.95
84.39
99.61

100.2
115.5
130.6
132.6

150.1
164.3
179.9
195.1
209.7

0.000242
0.006638
0.03028
0.07718
0.1494
0.9022
2.306
4.336

10.03
13.90
18.17
22.96
24.05

24.05
29.10

A
U

0.0116
0.0340
0.0810
0.1571
0.2617
1.238
2.926
5.274
8.911

8.911
11.73
16.26
21.32
27.02
28.31

0.00005
0.0012
0.0057
0.0156
0.0323
0.0567
0.1313
0.2428
1.378
3.455
6.423

10.23
14.67
14.85
20.25
26.40
27.29

27.29
34.08
42.69
52.07
62.19
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Table 4 (continued).

H°(T)-H°(0) r/K

Vitreous state

0
5
10
15
20
25
30
40
50
100
150
200
238

0
0.266
1.765
3.815
6.881

10.93
14.24
20.06
25.48
49.15
67.95
85.90

105.0

Highly elastic state

238
250
298.15
300
350
388

126.0
129.6
143.8
144.4
159.1
170.2

jr(7)-jr(o)

0
0.00033
0.00488
0.0185
0.0447
0.0891
0.1524
0.3244
0.5524
2.447
5.392
9.248

12.78

12.78
14.32
20.90
21.17
28.75
35.01

Poly-3-methylbut-l-ene 78

Crystalline state

5
10
15
20
25
30
40
50
60
70
80
90

100
150
200
250
298.15
300
350
400
450
500
550
584

0.564
2.874
4.873
7.390

10.35
13.18
18.84
23.60
28.24
32.78
37.45
41.92
46.08
64.65
81.70
99.00

116.2
117.0
132.8
148.5
163.9
179.4
194.5
204.7

Liquid state

584
600
640

206.0
210.0
216.2

Vitreous state

0
5

10
15
20
25

30
40

0
0.564
2.874
4.873
7.890

10.35

13.18
18.84

0.000738
0.00902
0.02875
0.05992
0.1056
0.1641
0.3253
0.5383
0.7966
1.102
1.453
1.850
2.290
5.068
8.729

13.26
18.47
18.69
24.94
31.97
39.78
48.36
57.71
64.50

70.54
73.87
82.40

0
0.000738
0.00902
0.02875
0.05992
0.1056

0.1641
0.3253

srcn

3.8
3.9
4.5
5.5
7.0
9.0

11.3
16.2
21.2
46.6
70.2
92.2

108.4

108.4
114.7
138.8
139.6
163.0
179.9

0.190
1.241
2.813
4.582
6.608
8.736

13.33
18.07
22.76
27.46
32.14
36.81
41.45
63.72
84.67

104.8
123.8
124.5
143.8
162.5
180.9
199.0
216.8
228.7

239.1
244.7
258.5

0
0.190
1.241
2.813
4.582
6.608

8.736
13.33

0
0.0192
0.0401
0.064
0.095
0.1359
0.1866
0.3236
0.5076
2.213
5.135
9.200

13.02

13.02
14.36
20.48
20.71
28.30
34.79

0.00021
0.00339
0.01345
0.03172
0.05965
0.09795
0.2080
0.3650
0.5691
0.8203
1.118
1.463
1.854
4.490
8.204

12.94
18.44
18.67
25.38
33.04
41.62
51.12
61.52
69.09

69.09
72.97
83.03

0
0.00021
0.00339
0.01345
0.03172
0.05965

0.09795
0.2080

Polybot-1-ene «»

Vitreous stale

0
50
100
150
200
249

0
19.26
37.78
53.37
67.39
80.10

Highly elastic state

249
298.15
300
350
400
406.8

107.6
116.7
117.0
126.2
135.5
136.7

Polyisobutylene

Vitreous state

0
5
10
15
20
25
30
40
50
100
150
200

0
0.129
1.010
3.007
4.662
6.300
7.838
10.76
13.68
30.97
48.59
64.50

Highly elastic state

200
250
298.15
300
350
380

87.11
97.79
109.3
109.7
122.4
130.2

Polypent-1-ene 77

Crystalline state

5
10
15
20
25
30
40
50

100
150
200
250
298.15
300
350
388
Liquid state
388 170.2
400 173.8
450 188.5
500 203.2

0.266
1.765
3.815
6.881

10.93
14.24
20.06
25.48
49.15
67.95
85.90

104.1
121.5
122.2
140.4
154.1

0
0.4105
1.848
4.138
7.167

10.78

10.78
16.29
16.51
22.59
29.13
30.06

0
0.000084
0.00254
0.01243
0.03167
0.05918
0.09448
0.1877
0.3098
1.411
3.406
6.234

6.234
10.84
15.82
16.03
21.83
25.61

0.00033
0.00488
0.0185
0.0447
0.0891
0.1524
0.3244
0.5524
2.447
5.392
9.248

14.00
19.43
19.66
26.22
31.82

37.40
39.46
48.52
58.31

6.7
19.7
38.9
57.3
74.6
90.7

90.7
110.9
111.6
130.4
147.9
150.1

5.70
5.74
6.04
6.81
7.91
9.12

10.41
13.07

15.78
30.36
46.29
62.45

62.45
82.97

101.2
101.8
119.7
130.1

0
0.576
2.04
4.46
7.76

11.8

11.8
16.8
17.0
23.1
30.0
31.0

0
0.02861
0.0579
0.0896
0.1264
0.1689
0.2177

0.3350
0.4793
1.625
3.538
6.257

6.257
9.901

14.34
14.53
20.07
23.82

0.081
0.649
1.722
3.209
5.171
7.473

12.38
17.44
42.75
66.38
88.44

109.6
129.4
130.2
150.4
165.5

179.9
185.1
206.5
227.1

0.00007
0.0016
0.0074
0.0195
0.0402
0.0717
0.1708
0.3198
1.828
4.565
8.441

13.39
19.15
19.39
26.40
32.39

32.39
34.60
44.39
55.23
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Table 4 (continued).

T/K Cf{T) H°{,T)-H°(C1) S°(T) -[<?(!) -#°(0)] T/K Cp{T) H°(T) - H°(0)

BVLebedev

ar(T) -[G°(T)-H°(O))

Poly-3-methyIbut-l-e
Vitreous state

50
60
70
80
90

100
150
200
250
298.15
300
327

23.60
28.24
32.78
37.45
41.92
46.08
64.65
81.70
99.00

116.2
117.0
125.9

Highly elastic state

327
350
400
450
500
584

158.0
161.7
171.2
180.6
189.9
206.0

Polyhex-1-ene7796

Vitreous state

0
10
20
30
40
50
60
70
80
90

100
150
200
215.5

0
2.803
9.092

16.42
23.68
30.17
36.69
42.68
48.28
53.76
59.08
84.94

111.3
119.2

Highly elastic state

215.5
250
298.15
300

147.7
159.6
177.5
178.5

«e 7 8

0.5383
0.7966
1.102
1.453
1.850
2.290
5.068
8.729

13.26
18.47
18.69
21.97

21.97
25.64
33.97
42.76
52.03
68.65

0
0.0104
0.0684
0.1939
0.3954
0.6648
1.000
1.398
1.853
2.364
2.929
6.513

11.44
13.20

13.20
18.46
26.59
26.92

Poly-4-methylpent-l-ene80

Crystalline state

5
10
15
20
25
30
40
50
60
70
80
90

100
150
200
250

0.483
3.250
6.900

10.78
14.60
18.00
24.30
29.85
35.10
40.35
45.70
50.90
55.90
77.55
97.25

118.7

0.0006
0.0090
0.0343
0.0784
0.1421
0.2236
0.4364
0.7075
1.032
1.410
1.840
2.323
2.857
6.206

10.58
15.98

Crystalline state

298.15 139.2

18.07
22.76
27.46
32.14
36.81
41.45
63.72
84.67

104.8
123.8
124.5
135.0

135.0
145.8
168.0
188.7
208.3
239.1

0.3650
0.5691
0.8203
1.118
1.463
1.854
4.490
8.204

12.94
18.44
18.67
22.16

22.16
25.39
33.25
42.17
52.10
70.90

7.3
9.0

12.8
17.8
23.6
29.6
35.6
41.8
47.9
53.8
59.7
88.6

116.8
125.2

125.2
147.8
177.5
178.6

0
0.0798
0.188
0.340
0.5467
0.8128
1.138
1.527
1.974
2.480
3.048
6.783

11.92
13.78

13.78
18.49
26.33
26.66

0.1458
1.194
3.196
5.706
8.532

11.49
17.57
23.60
29.50
35.31
41.05
46.73
54.36
79.22

104.2
128.2

0.0001
0.0030
0.0136
0.0357
0.0712
0.1212
0.2665
0.4725
0.7381
1.062
1.444
1.883
2.379
5.677

10.27
16.08

350
400
450
500
508

161.0
183.0
204.0
225.0
228.0

Liquid state
508 239.5
550 248.9
600 256.5
Vitreous state

0
5

10
15
20
25
30
40
50
60
70
80
90

100
150
200
250
300

0
0.483
3.250
6.900

10.78
14.60
18.00
24.30
29.85
35.10
40.35
45.70
50.90
55.90
77.55
97.25

118.7
140.0

Highly elastic state

300
350
400
450
500
508

173.6
189.4
205.3
221.1
237.0
239.5

22.18
29.98
38.58
48.24
58.97
60.78

71.02
84.31
96.93

0
0.0006
0.0090
0.0343
0.0784
0.1421
0.2236
0.4364
0.7075
1.032
1.410
1.840
2.323
2.857
6.206

10.58
15.98
22.44

22.44
31.52
41.38
52.04
63.50
65.40

Polydec-1-ene84

Crystalline state (crilandcrl)
5

10
15
20
25
30
40
50
60
70
80
90

100
150
200
250
276

0.600
3.810
8.750

14.67
21.24
27.82
39.64
51.39
62.48
72.25
80.91
88.45
96.09

137.3
174.2
211.2
230.1

0.000836
0.01013
0.04105
0.09925
0.1888
0.3117
0.6484
1.104
1.673
2.348
3.115
3.962
4.885

10.73
18.52
28.17
33.90

Crystalline state (cri)

276 230.1 40.33
298.15 246.1 45.61
301 249.0 46.31

150.9
174.9
197.8
220.6
243.2
246.8

267.0
292.1
314.1

8
8.1
9.2

11.2
13.7
16.5
19.5
25.6
31.6
37.5
43.3
49.1
54.7
60.4
87.2

112.2
136.2
159.7

159.7
187.7
214.0
239.1
263.2
267.0

0.214
1.392
3.830
7.136

11.11
15.57
25.17
35.28
45.64
56.02
66.25
76.22
85.94

132.8
177.3
220.2
242.0

265.3
283.7
286.0

22.80
31.24
40.56
51.02
62.62
64.58

64.58
76.36
91.52

0
0.0399
0.0830
0.1336
0.1957
0.2712
0.3611
0.5864
0.8725
1.218
1.622
2.084
2.603
2.797
6.877

11.86
18.07
25.47

25.47
34.16
44.22
55.56
68.10
70.24

0.000236
0.00379
0.01639
0.04347
0.08882
0.1553
0.3585
0.6605
1.065
1.573
2.185
2.898
3.709
9.186

16.95
26.89
32.90

32.90
38.97
39.79
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Table 4 (continued).

r/K am
Polydec-l-ene84

Liquid state

301
350
400
450

287.8
307.3
335.2
363.7

Vitreous state

0
5

10
15
20
25
30
40

0
0.600
3.810
8.750

14.67
21.24
27.82
39.64

H°(T)-H°(

53.54
68.08
84.13

102.6

0
0.000836
0.01013
0.04105
0.09925
0.1888
0.3117
0.6484

0) S°(T)

310.0
354.7
397.6
438.7

26.0
26.2
27.4
29.8
33.1
37.1
41.6
51.2

-vrm-w

39.79
56.07
74.89
95.80

0
0.129
0.2619
0.4030
0.5587
0.7340
0.9302
1.392

))] r/K am
Vitreous state

50
60
70
80
90

100
150
200
208

51.39
62.48
72.25
80.91
88.45
96.09

137.3
174.2
180.5

Highly elastic state

208
250
298.15
301

260.5
270.0
286.1
287.8

H°(T)-H°(0)

1.104
1.673
2.348
3.115
3.962
4.885

10.73
18.52
20.03

20.03
31.01
44.36
45.15

61.6
71.6
82.0
92.3

102.2
111.9
158.8
203.3
210.5

210.5
258.5
307.3
310.0

-vm-rm

1.966
2.611
3.378
4.253
5.220
6.285

13.06
22.10
23.75

23.75
33.62
47.26
48.16

Note. The thermodynamic functions presented have the following dimensions: C°p(T) and S°(T) — J mol"1 K.-1, H°(T)-H°(T) and G°(T)-H°(0) —
kJ mol - ' .

G°(T)-H°(0)=

where C£ is the temperature variation of the heat capacities of the
substances in the crystalline, vitreous, highly elastic, and liquid
states (see, for example, Fig. 1). In the calculations of the entropy
for polyisobutylene and polyhex-1-ene, it was assumed that their
zero-point entropy is equal to the configurational entropy. The
errors in the calculated functions are on average 1%-1.15% at
T< 20 K, 0.5% in the range 20-50 K, ~0.2% in the range
50-340 K, and 0 .5%-2% in the range 340-600 K.

Vm. Thermochemical characteristics
The thermochemical characteristics of polyolefins are listed in
Table 5. The enthalpies of combustion were obtained from the
experimental combustion energies Ac (/measured calorimetrically.
Since all the polymers investigated were partly crystalline, the

Act/(a) were found in the experiments. The results were recalcu-
lated for the standard state and the values of AcC/°(a) were
obtained. They were used to calculate the enthalpies of combus-
tion Ac/T(a). The enthalpies of combustion of the polymer in the
crystalline and amorphous (vitreous or highly elastic) states were
calculated in their turn from the values of AciT

>(a) and the molar
enthalpy of fusion of the polymer with a = 100% (calculated for
T = 298.15 K) by means of the following relations:

+ (1 - a)Afusfl
D(298.15K),

- aAfus#°(298.15 K ) .

Here a is expressed as a fraction. The enthalpy of fusion of the
polymer at 298.15 K was calculated by the equation

Afus/f(298.15K) =
(•298.15K

- Cp{cr)]dT.

Table 5. Thermochemical characteristics of polyolefins at 298.15 K and the standard pressure.

Polymer

Polyethylene

Polydeuteroethylene

Polypropylene

Polybut-1-ene

Polypent-1-ene

Poly-3-methylbut-1 -ene

Poly-4-methylpent- 1-ene

Physical

state0

cr
h.e

cr
h.e

cr
h.e

cr
h.e

cr
h.e

cr

g

cr

g

-A./T

/kJmol - 1

1289.8±0.3
1306.6±0.3

1304.9±0.9
1312.2±0.9

1951.4±0.4
1957.1±0.4

2609.8±0.4
2614.7±0.4

3250.9±1.9
3254.8±1.9

3225.7±2.5
3257.2±2.5

3898.7±1.8
3901.4±1.8

-AfH°

58.9±0.3
52.1±0.3

74.6±0.9
67.1±0.9

86.2±0.4
80.4±0.4

107.6±0.4
102.7±0.4

145.0±1.9
145.0±1.9

141.0±2.5
139.5±2.5

177.4±1.8
174.7±1.8

AfG°

5.2±0.9
10.8±0.9

-1.7±1.3
1.0±1.3

10.1 ±0.9
17.7±0.9

25.2±1.0
26.8±1.0

18.7±2.8
19.7±2.8

25.3±3.0
26.8±3.O

21.4±2.4
24.1 ±2.4

ApS*

/ J m o l - 1 K.-1

215.0±1.3
210.9±1.3

244.4±1.0
228.3±1.3

339.7±1.5
329.0±1.5

475.4±1.6
434.1±1.6

551.9±1.8
542.3±1.8

557.8±2.0
557.5±2.0

666.7±1.2
666.7±1.2

a The following designations of the states of the polymers have been adopted: cr — crystalline, g — vitreous (glassy), h.e. -

hiAf

0.912
1.889

-0.298
0.170

1.775
3.096

4.420
4.518

3.267
3.449

4.432
4.695

3.749
4.222

- highly elastic.

Ref.

45,46,107

46,67

45,46

45,69

46,77

46,78

46,80
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We may note that the application of the KirchhofF equation is
possible subject to the condition that the calculation is performed
for a constant pressure. In the present instance, it is carried out at
the standard pressure (101.325 kPa).

The thermochemical parameters of the formation reaction
(the enthalpies Af/T, the entropies AfS°, and the Gibbs free
energies AfG°) of the test compounds were calculated from their
calorimetric enthalpies of combustion (Table 5) and the absolute
entropies (Table 4) and also the enthalpies of formation of liquid
water and gaseous carbon dioxide and the entropies of carbon in
the form of graphite and gaseous hydrogen, published in hand-
books.97 The methods used for the corresponding calculations
have been described.42-51 For example, Afff°, ApS", and AfG° for
polybut-1-ene correspond to the following reaction occurring at
298.15 K and the standard pressure:69

4C(cr) + 4H2(gas) = [-CH2-CH(CH2-CH3)-](cr)or(a).

The Gibbs free energy was calculated from the values of Afff°
and AfS° by the equation

= Af/P - rA f S° .

IX. Thermodynamic parameters of the formation
reactions of polyolefins
The methods used to calculate the thermodynamic parameters of
the polymerisation reactions from calorimetric data have been
described.11'13-80 The enthalpy of polymerisation Apoiff" was
calculated from the enthalpies of combustion of the monomer
ACHM and the corresponding polymer AJip at 298.15 K and
101.325 kPa.

For other temperatures, the enthalpies of polymerisation were
found from the Kirchhoff equation:

Apoi#°(298.15K) +

+ &[H°(T)- fl°(298.15K)],

(9)

where A[fl°(7)-.H<>(298.15 K)] is the difference between the
enthalpies of heating of the polymer and monomer in the range
298.15 K - T .

The entropy of polymerisation Apo\S°(T) was calculated from
the entropies of the polymer S|(T) and the monomer S M ( 7 ) at the
corresponding temperatures:

= S°P(T) - STM(T).

The Gibbs free energy was calculated from the values of

- rApols°(r).
The concentrations of the monomer [M]£ and the polymer [P]£

in the equilibrium reaction mixture, corresponding to thermody-
namic equilibrium, were estimated from the relations

[ME = exp-
RT

The limiting polymerisation temperatures T£& of the proc-
esses investigated were found from the point of intersection of the
relations

= f(T)

and

TApo, S°(T) = f(T)

or estimated by Dainton's method.13

(10a)

(10b)

The results of the calculations are presented in Table 6. The
standard enthalpy of polymerisation of gaseous ethene to partly
crystalline polyethylene at 298.15 K, published by Sawada,98 the
thermodynamic functions of polyethylene,65 the temperature
dependence of the heat capacity, and the temperatures and
enthalpies of the physical transformations of the monomer99' I0°
were chosen as the initial data for the calculation of the
thermodynamic parameters of the polymerisation of ethene. For
propene, use was made of the value of Apoi//°(gas; cr and gas; a) at
298.15 K obtained by Joshi and Zvolinskii45 and Richardson and
Parks,101 its thermodynamic functions68 and C° = f(7), and the
temperatures and enthalpies of the phase transitions.102-103

The enthalpies of the polymerisation of isobutene have been
published.104"107 In order to determine the thermodynamic para-
meters of the polymerisation, the value of ApOifi°(gas; a) at
298.15 K, given by Parks and Mocher,107 was selected. All the
other data necessary for the calculations were found in publica-
tions describing the temperature variations of the heat capacities
and the temperatures and enthalpies of the physical transforma-
tions for polyisobutylene74"76 and isobutene.103'l08

The limiting polymerisation temperatures, estimated from
Eqns (10), amounted to 670 K for ethene and 550 K for
propene; the estimation of this parameter for isobutene by
Dainton's method13 yielded 390 K.

The thermodynamic parameters of the processes leading to
the formation of isotactic polybut-1-ene (Scheme 1) for the
temperature range 0-600K under standard pressure have been
published by Lebedev et al.69 The enthalpies of the processes at
298.15 K and 101.325 kPa were calculated from the standard
enthalpies of formation of the monomers, taken from Stull et
al.,103 and the enthalpies of formation of the polymer (Table 5).
For other temperatures, the enthalpies of the processes ATH° were
calculated from the temperature variation of the heat capacity and
the temperatures and enthalpies of the phase transitions of the
reactants quoted in the literature 69'109 and in Tables 2 and 5. The
entropies of the processes Ar5° were calculated from the absolute
entropies of the reactants, while the Gibbs free energies ArG° were
evaluated from the values ofATH° and Ar5° for the corresponding
temperatures.

Scheme 1

cw-But-2-ene

3

—*

\ /

But-1-ene

l \ 7 X

Polybut-1-ene

trans-But-2-eae

6

Ethylene

4

The upper limiting temperatures 7^, for the direct conversion
of but-1-ene, cis- and <ra/w-but-2-enes, and ethene into isotactic
polybut-1-ene (processes 1, 3, 4, and 2) were estimated by
Dainton's method13 from the quantities ATH° and Ar5° for the
polymerisation reaction. They are respectively 520, 500,490, and
640 K

The following relations hold at different temperatures:
ArG° < 0 at T < r^ i ,
ArG° = 0 a t J = T£a,
ArG° > 0 at T > T£n .
This means that at T < T£u the equilibria in the processes are

displaced towards the formation of the polymer and the polymer
produced is thermodynamically stable in relation to depolymer-
isation to the initial monomer; at T > r«fl, the polymer is unstable
in relation to the above monomers and rapidly depolymerises
under kinetic conditions. In contrast to processes 3 and 4,
processes 5 and 6 have lower limiting temperatures — 830 and
910 K respectively. It has been shown 3>'10 that isotactic polybut-
1-ene can be obtained from cis- and frww-but-2-enes after their
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isomerisation to but-1-ene, the yield of the polymer being low.
This can be explained by the fact that, since kT& for processes 5
and 6 is positive, the equilibrium concentration of but- 1-ene in the
reaction mixture is low. The reaction equilibrium is displaced
towards an increase in the concentrations of but-1-ene with
increase in temperature, since ArG° diminishes. This should
increase the yield of polybut-1-ene.

The polypent-1-ene formation reactions may be represented
by the Scheme 2:

Scheme 2

cis-Pent-2-ene frons-Pent-2-ene

Pent-1-ene

Polypent-1-ene •*-

Chao and Hel l l u calculated the thermodynamic parameters
of processes 1-5 for the temperature range 0-500 K from the
results of Lebedev et al.77 and the corresponding data on the initial
monomers,77-lu the enthalpies of the processes at 298.15 K from
the enthalpies of formation of the reactants (see Table 5 and
Lebedev et al.77 and Chao and Helln l) , and the enthalpies of the
processes at other temperatures from the Kirchhoff formula
[Eqn (9)]. The temperature variations of the heat capacities and
the temperatures and enthalpies of the physical transformations of
the reactants were used in the calculations (see Tables 2 -4 and
Lebedev et al.77 and Chao and Hell1U). The results show that the
monomer <=* polymer equilibria in processes 1-3 are displaced
towards the formation of polypent-1-ene: over the entire tem-
perature range investigated, ApoiG° < 0; the absolute values of
APoi<?° for the processes decrease with increase in temperature.
The enthalpies and entropies of these processes are also negative,
which is the reason for the existence of the upper limiting
polymerisation temperatures T^. Estimation by Dainton's
method13 yielded the following values: 590 K for process 1,
560 K for process 2, and 550 K for process 3. Evidently, the
thermodynamic characteristics of the polymerisation reactions of
the isomeric pentenes diminish in the sequence pent-1-ene >
cir-pent-2-ene > frans-pent-2-ene.

One should bear in mind that polypent-1-ene is not obtained
directly in processes 2 and 3;3 its formation is preceded by the stage
involving the conversion of cw and frww-pent-2-enes into pent-1-
ene (processes 4 and 5). The ArG° for these processes are positive.
This means that the reaction equilibrium is displaced to the left.
However, since at elevated temperatures the Gibbs free energies
ArG° of the processes are small, the equilibrium reaction mixtures
contain a certain amount of pent-1-ene formed from cis and trans-
pent-2-enes. For example, at 500 K the mole fractions of pent-1-
ene in the reaction mixture are ~0.20 (process 4) and ~0.10
(process 5). These concentrations were calculated from the
thermodynamic equilibrium constants for these processes K%,
which were in their turn evaluated from the equation of the van't
Hoff isotherm.

As the temperature decreases, the equilibrium concentrations
of pent-1-ene in the above processes also decrease. This is the
reason for the low rates of conversion of cis and ftww-pent-2-enes
into polypent-1-ene and the low yield of the polymer during the
reaction time. This situation may be altered as a result of the
search for more effective isomerisation catalysts, an increase in the
concentration of the catalyst in the reaction mixture, or the
discovery of physicochemical conditions leading to the displace-
ment of the equilibria 4 and 5 to the right. However, one should
bear in mind that the increase of, for example, the pressure does
not shift the equilibrium because reactions 4 and 5 proceed
without change in the number of moles of the reactants. Varia-

tion of the solvent is also apparently relatively ineffective, since the
physicochemical properties of the isomers are similar and the
nature of their interaction with the solvent is virtually the same.

An increase in temperature may be comparatively effective.
Extrapolation of the ATH° = f(7) and rArS° = f(T) relations for
the process under consideration leads to temperatures of 2800 and
1700 K at which the ArG° for processes 4 and 5 changes sign (from
plus to minus). However, the upper limiting temperature of the
polymerisation of pent-1-ene is only 590 K, so that the limits
within which the temperature can be varied are restricted.

The thermodynamic parameters of the polymerisation of
3-methylbut-1-ene have no singularities of any kind:78-nl Apo\H°
and ApoiS" are negative throughout and their absolute values
increase with increasing temperature; the Gibbs free energy of
polymerisation is negative, diminishing with increase in tempera-
ture; the upper limiting polymerisation temperature is
r i , = 572 K.

The enthalpy of the polymerisation of liquid hex-1-ene to
highly elastic polyhex-1-ene at 298.15 K and 101.325 kPa is
—101 kJ mol~'. This value was obtained by the author of the
present review from the enthalpies of formation of the liquid
monomer Affl°(298.15 K)= -72.38 kJ mol"1 (see Ref. 103) and
the highly elastic polymer Affl°(298.15 K) = 173.6 kJ mol"1,
calculated from the equation quoted by Lebedev and Kiparisova.46

The calculated enthalpy of the polymerisation of hex-1-ene,
APoifl° = -82.8 kJmol-1 , published by Lebedev and Lebedev,96

is significantly too low.
The thermodynamic functions of hex-1-ene in the range

0-300 K have been published by Lebedev and Lebedev.96 All
these data, together with the results presented in Table 4, have
been used to calculate the thermodynamic parameters of the
polymerisation of hex-1-ene in bulk in the range 0-300 K
(Table 6). Evidently the change in the standard Gibbs free energy
APoi<j°(7) >s negative throughout, while the numerical values are
such that one may conclude that the equilibrium is almost fully
displaced to the right. Extrapolation based on the
ApoiH°(T) = f(T) and r(ApoiG°(T) = f(T) relations for the liquid
monomer -* highly elastic polymer process leads to an upper
limiting polymerisation temperature of 865 K. The thermody-
namic equilibrium concentration of the monomer in the reaction
mixture [M]£ = 2xlO~1 2M was estimated from the equation of
the van't Hoff isotherm and the value of ApoiG° (300 K).

The reactions leading to the formation of isotactic poly-4-
methylpent-1-ene may be represented by the Scheme 3:

Scheme 3

Propylene

cij-4-Methylpent-2-ene I rranj-4-Methylpent-2-ene

l
4-Methylpent-1 -ene

1

. Poly-4-methylpent- 1-ene • -

The reactions leading to the polymerisation of 4-methylpent-
1-ene and cis and frans-4-methylpent-2-enes to poly-4-methyl-
pent- 1-ene in bulk and the reaction in which propene dimerises to
4-methylpent-1-ene have upper limiting polymerisation tempera-
tures which are respectively 590, 540, 530, and 570 K. The
numerical values of T^ were found graphically from the inter-
section of the corresponding temperature variations of the
enthalpies and the entropy factors: ATH° = f(7) and
TATS°(T) = f(T). The enthalpies and entropies were taken from
Table 6. At T < T£a, the equilibria in processes 1-4 in Scheme 3
are displaced towards the formation of the reaction products
( A T < 0). The enthalpies and entropies of these processes are
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Table 6. The enthalpies (kJ mol - ' ) , entropies (J mol"1 K~'), and Gibbs free energies (kJ mol-')ofthe polymerisation of olefins in bulk with formation
of polyolefins under standard pressure.

T/K Physical state -A^f l" -A^S?
ofreactants*

T/K Physical state
ofreactants*

-Apo,G°

Ethenei

0

100

200

298.15

400

500

600

Propene-

0

100

200

298.15

400

500

But-l-em

0

100

200

298.15

400

500

600

polyethylene b

cr;cr

cr;g
crjcr

cr;g
gasjcr

gas;g
gasjcr

gasjh.e
gasjcr

gas;h.e
gasjl
gasjl

86.50
80.95

88.59
82.92

108.7
102.7

108.8
101.4

108.8
99.63

98.61
97.02

-> polypropylene b

crjcr

crjg
ljcr
l;g

ljCT

gasjg
gasjcr
gasjh.e
gasjcr

gasjh.e
gasjl

76.65
72.44

82.07
77.67

87.14

82.55

106.5
100.8
106.3
98.37
95.96

s - • polybat-1-ene **

crjcr

crjg
gasjcr

gasjg
ljcr
l;g

ljcr
l;g

gasjcr

gasjh.e
gasjcr

gasjh.e
gasjl
gasjl

cis-But-2-ene -> polybnt-1

0

100

200

298.15

400

500
600

crjcr

crjg
crjcr

crjg
ljcr
l;g

gasjcr

gasjh.e
gasjcr
gas;h.e
gasjl
gasjl

71.8

68.1

78.1
68.1
77.8

74.1

83.1
79.5

108

103
107
99.7
94.0
91.0

l-ene69

61.6
58.0
62.9
59.3

74.8
71.1

101
95.7

99.0
92.1
85.7
82.6

trans-EyTeu-2 -» munriiyTeii-l'9

0

100

crjcr

crjg
crjcr

crjg

56.3
52.7
57.4
53.8

0
-5 .4

34.9
26.7

171

161

172
156
172

151
148
145

0
-1.1

74.8

69.6
111

105

198
187
197
180
175

0

6.7

12.8
6.1

75.5

68.9
114
107

207

196
204
187
182
177

0
-6 .7
20.7

14.0
106
99.0

201

190

196
179
172

166

0
-6 .7
17.0
10.3

(ranj-Bnt-2-ene -»polybnt-1-ene69

86.50
80.95
85.10
80.25
74.44
70.42
57.52
54.80
40.04
39.11
24.81
10.20

76.65
72.44
74.59
70.72
64.90
61.61
47.59
45.11
27.50
26.45
8.71

71.8
68.1
71.8
68.1
70.2
67.2
57.2
58.0
45.8
44.3
25.4
24.8
3.2

-14.7

61.6
58.0
60.8
57.9
53.6
51.3
40.8
39.2
20.5
20.4
0.3

-17.2

56.3
52.7
55.7
52.7

200

298.15

400

500
600

l;cr
l;g

gasjcr

gasjh.e
gasjcr

gas;h.e
gasjl
gasjl

70.9
67.2
96.4

91.5
95.7

88.7
83.0
80.4

Isobntene -»polyisobutylene "

0
50

100
150
200
250

298.15
300

350

380

crjg

crjg
crjg
l;g

ljh.e
ljh.e

gasjh.e

gasjh.e
gasjh.e

gasjh.e

37
37
39
47

49
51
72
72

71

70

Pent-1-ene -»polypent-l-ene77

0

100

200

298.15

300

400

500

crjcr

crjg
crjcr

crjg
ljcr
l;g

ljcr

ljh.e
ljcr
ljh.e

gasjl

gasjl

82
80

84
81
95
93

99

95
99
95

117

113

cir-Pent-2-ene ->polypent-l-ene

0

100

200

298.15

300

400
500

crjcr

crjg
crjcr

crjg
ljcr
l;g

ljcr
l;h.e
ljcr
l;h.e
gasjl
gasjl

73
71
75
72
87
85
91
87
90
87

109
105

rra/is-Pent-2-ene - • polypent-l-«

0

100

200

298.15

300

400
500

crjcr

crjg
crjcr
crjg
ljcr
l;g

ljcr
l;h.e
ljcr
l;h.e
gasjl
Basil

69
67

70
68

83
81
87
83
87
83

106
103

99.9
93.2
195
184
193
175
170
165

-5.7
2.6

20.3
81.7
97.1
102.5
183.5
184.1
180.1
178.2

0
- 4
24
20
117
113
133
124
133
125
198
190

0
- 4
20
16

114
111
129
120
129
121
195
185

0
- 4
18
14

111
102
127
118
127
119
194
186

50.9
48.6
38.3
36.8
18.6
18.6

-1.9
-18.6

37
37
36
34
30
25
17
17
8
2

82
80
81
80
72
70
60
58
59
58
38
18

73
71
73
71
64
63
52
51
52
51
31
12

69
67
69
66
61
59
49
48
49
48
29
10
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Table 6 (continued).

T/K Physical state -A^H" -ApoiS"
ofreactants"

—Apoi(/ T /K. Physical state -\o\H° - A
ofreactants*

1057

3-M ethylbnt-1-ene -> poly-3-methylbat-l-ene7 4-Methylpent-l-ene - poly-4-methylpent-l-ene80

0

100

200

298.15

400

500

600
640

cr;cr
cr;g
cr;cr
cr;g
l;cr
l;g

gasjcr
gas;g
gasjcr
gas;h.e
gasjcr
gas;h.e
gas;l
gas;l

71
70
73
72
84
83

112
111
112
109
111
107
104
104

Hex-1-ehe -• polyhex-1-ene 96

0
50

100
150
200
250
298.15
300

cr;g
cr;g
cr;g
I;g
l;g
l;h.e
l;h.e
l;h.e

4-Methylpent-l-ene -i

0

100

200

crjcr
cr;g
g;cr

g;g
crjcr
cr;g
ov.ljcr
ov.l;g
l;cr

84
85
86
97

100
101
101
101

0
0

20
20

112
112
211
211
211
206
210
201
198
196

- 7 . 3
- 2 . 3

9.9
94.3

111
116
118
118

• poly-4-methylpent-l-ene 80

82
77
84
79
83
78
87
82
94
89

0
- 8
15
7

28
20
60
52

111
103

71
70
71
70
61
60
49
48
28
27

6
6

- 1 4
- 2 2

84
85
84
83
78
72
66
66

82
77
84
79
80
76
81
77
72
69

298.15

400

500

600

l;cr
l;g.
gasjcr
gas;h.e
gas;cr
gas;h.e
gas;l

99
94

126
118
124
114
107

131
122
214
198
209
189
175

cu-4-Methylpent-2-ene -»poly-4-methyIpent-l-e

298.15

400

500

600

ljcr

l;g.
gas;cr
gas;h.e
gasjcr
gasjh.e
gas;l

93
87

121
110
119
113
103

134
126
220
197
215
207
183

ne80

(ran5-4-Methylpent-2-eue -> poly-4-methylpent-l-ene80

298.15

400

500

600

Dec-1-ene

0

100

200

298.15

350
400
450

l;cr
l;g
gas;cr
gas;h.e
gas;cr
gas;h.e
gasjl

88
82

117
106
115
102
99

->polydec-1-ene 8 4

crll;crll,crl
crlljg
crll;crll,crl
crlljg
crljcrll.crl
crl;g
l;crl
l;h.e
1;1
1;1
11

97
89
98
90

108
100
123
116
117
118
119

130
128
216
194
214
186
182

0
- 2 6

13
- 1 3

68
42

141
118
121
123
125

60
58
41
39
19
20

- 2

53
49
33
31
12

9.5
- 7

49
44
31
28
8
9

- 1 0

97
89
97
91
95
92
81
81

75
69
62

"The following designations of the states of the polymers have been adopted: 1 -
b L Ya Tsvetkova's data.c N Smirnova's data.

- liquid, gas — gaseous, ov.l — supercooled liquid.

negative throughout and their numerical values depend on the
physical state of the reactants and increase with increasing
temperature.

The isomerisation reactions of cis and fra«s-4-methylpent-2-
enes (processes 5 and <5) have neither an upper nor a lower limiting
temperature, which is characteristic of processes for which
ATH° > 0 and ArS° < 0." For this reason, the change in the
Gibbs free energy is positive. In processes 5 and 6 under
consideration, the free energies ArG° have small positive values:
ArG° < 10 kJ mol""1. This means that a small amount of 4-
methylpent-1-ene is present in the equilibrium reaction mixture
of the isomers. In this case, a shift of the equilibrium is possible
provided that 4-methylpent-l-ene is continuously removed from
the reaction mixture, for example when it is polymerised to poly-4-
methylpent-1-ene, which does in fact occur in the isomeric
polymerisation of cis- and frww-alk-2-enes to polyalk-1-enes.3

Owing to the similarity of the heat capacities of 4-methylpent-l-
ene and the cis- and fra/w-isomers of 4-methylpent-2-enes, the
influence of temperature on ATH°(T) and ArS°(7) is small. The
enthalpies of the processes were calculated from the enthalpies of
formation of 4-methylpent-l-ene,112 cis- and /rara-methylpent-2-
enes,103 propene,103 and poly-4-methylpent-l-ene.80 The entropies
of the reactants required for the calculation of ArS°(T) were taken
from Lebedev et al.80 and Stull et al.103

As for other olefins, the enthalpy and entropy of the polymer-
isation of dec-1-ene are negative throughout.84 It follows from this
that the polymerisation process has an upper limiting tempera-
ture. Indeed, ApoiG°(7) decreases in absolute magnitude with
increase in temperature and becomes zero at T^i = 890 K, while
at T > 7^ii it is positive throughout. T£a was estimated by
Dainton's method.13 The 7 ^ obtained is apparently appreciably
higher than the temperature of the onset of the thermal degrada-
tion of the polymer.
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X. Principal regularities and characteristics of the
thermodynamic properties of polyolefins and of the
parameters of their formation reactions t
1. Thermodynamic functions
Since the C2-C6 and C10 polyolefins with linear side substituents
which have been investigated differ from one another by the
number of methylene groups in these substituents, one may
expect, for the same physical state of the polymers and under
identical temperatures and pressures, a regular change in the
thermodynamic properties as a function of the number of carbon
atoms n in the repeat units of the polymers, as happens, for
example, in the paraffins,113 polyalkenes,7 polyaldehydes,114 and
polylactones.64

The existence of such relations is due to the regular additive
contribution of the methylene groups to the corresponding
properties of the above polymers. It was found that this is fully
valid also for polyolefins. As an example, Figs 9-11 present the
isotherms (298.15 K) of the thermodynamic properties of poly-
olefins. Evidently, the dependences of the heat capacity Cp, the
enthalpy H°(T)-H°(0), the entropy f(T), and the Gibbs free
energy on n are represented by straight lines described satisfactor-
ily by the equations

Cp( c r) =

Cp(h.e.) •

[ /T>(7)-

[H°(T)-

S°(CT) =

S°(h.e) =

[<?°m -

- 8 + 25.5 n,

= 8 + 27.8 n,

/P(O)](cr) 1.1 +4 .0 n,

/P(0)](h.e) = -2.42 + 4.68 n,

-21.2 + 30.2 » ,

-17.8 + 32.2/1,

/T(0)](cr) = 6.1 - 5 . 2 H,

(11)

(12)

(13)

(14)

(15)

(16)

(17)

t Prepared jointly with the senior scientific member of the Institute of
Chemistry at the Nizhnii Novgorod State University, Candidate in
Chemical Sciences N N Smirnova.

100 -

2 4 6 8 n
Figure 9. Isothermal dependences of the heat capacities of polyolefins
with linear side substituents on the number of carbon atoms n in the
monomer repeat unit.
State of the polymer: (/) crystalline; (2) highly elastic at T™ 298.15 K;
(3) crystalline and vitreous at T = 200 K; (I) experimental values;
(II) extrapolated data.

10

Figure 10. Isothermal dependences of the enthalpies {1,2) and Gibbs free
energies (3,4) of polyolefins with linear side substituents on the number of
carbon atoms n in the monomer repeat unit at 298.15 K.
State of the polymer: (1) and (3) highly elastic; (2) and (4) crystalline;
(I) experimental values; (II) extrapolated data.

[G°(T) - H°(0)]Qi.e) = 3.5 - 5.1 n . (18)

The equations were obtained using experimental Cp data and
data calculated from the temperature variations of the heat
capacities, the temperatures and enthalpies of the physical
transformations, and the enthalpies, entropies, and Gibbs free
energies of the polyolefins investigated. The corresponding
experimental values of Cp agree, subject to an error to within
2.5%, with the heat capacities calculated by Eqns (11) and (12);
the enthalpies calculated by Eqns (13) and (14) and the entropies
calculated by Eqns (15) and (16) agree with experimental values to
within 2% and 3% respectively. This makes it possible in its turn
to estimate the numerical values for a series of hitherto uninves-
tigated polyolefins in the same physical states and for the same
physical conditions. The results of these estimates by Eqns
(11)-(18) are presented in Table 7 for the closest analogues of
the polyolefins investigated. We suggest that the errors of these
estimates for Cp°, H°(T)-H°(0), S°, and G°(T)-H°(0) are within
the limits of 3%.

Table 7. Thermodynamic functions of a series of higher polyolefins
calculated by Eqns (11)-(18) for T= 298.15 K a n d p = 101.325 kPa.

Substance

Polyhept-1-ene

Polyoct-1-ene

Polynon-1-ene

Polyundec-1-ene

Polydodec-1-ene

Phy-
sical

cr
h.e
cr
h.e
cr
h.e
cr
h.e
cr
h.e

/J mol- 1

171
203
196
230
222
258
273
314
298
342

K - 1

190
208
220
240
251
272
311
336
341
369

W(T)- -
H°(0)

/kJmol" 1

26.9
30.3
30.9
35.0
34.9
39.7
42.9
49.1
46.9
53.7

fj° (i\W

29.7
31.7
34.7
36.6
39.9
41.4
49.8
51.1
54.8
56.3
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5°(70 /Jmol - 'K-

300

100 -

2 4 6 8 n

Figure 11. Isothermal dependences of the entropies of polyolefins with
linear side substituents on the number of carbon atoms n in the monomer
repeat unit.
State of the polymer: (7) crystalline; (2) highly elastic at T= 298.15 K;
(/) experimental values; (II) extrapolated data.

2. Thermochemical parameters of the formation reactions
The enthalpies of combustion AcH° and formation Af/T and the
entropies of formation Af5° of the C2 - C6 polyolefins investigated
as well as their thermodynamic functions are described satisfac-
torily by the relations between the thermochemical parameters
and the number of carbon atoms in the monomer repeat unit in the
macromolecule. At T = 298.15 K and the standard pressure, we
have

Ac//°(cr) = - 4 . 3 - 648.95 n,

AJT(h.e) = -7 .97 - 649.5 n,

Af/T(cr) = 4 . 4 - 3 0 . 4 / 1 ,

Af#°(h.e) = 8.35 - 29.9 n.

(19)

(20)

(21)

(22)

The deviations of the experimental enthalpies of combustion from
the corresponding straight lines [Eqns (19) and (20)] are within the
limits of 2.3% and the deviations of the enthalpies of formation
[Eqns (21) and (22)] are within the limits of 5%.

Under the same physical conditions, the entropies of forma-
tion of the polyolefins considered are described by the following
equations

AfS°(cr) = -6 .1 - 108 n,

AfS°(h.e.) = - 3 . 8 - 105.4 n.

(23)

(24)

Table 8. The enthalpies of combustion and thermochemical parameters of
the formation of a series of higher polyolefins calculated by Eqns
(19)-(24) for T = 298.15 K and/) = 101.325 kPa.

Substance

Polyhept-1-ene

Polyoct-1-ene

Polynon-1-ene

Polyundec-1-ene

Polydodec-1-ene

Phy-

sical
state

cr
h.e
cr
h.e
cr
b.e
cr
h.e
cr
h.e

-Ae/r -

/kJ mol"

4547
4554
5196
5204
5845
5853
7143
7152
7792
7802

-Af/r

208.4
201.0
238.8
230.9
269.2
260.8
330.0
320.6
360.4
350.5

AfG°

18.8
20.2
20.6
21.6
22.4
23.0
26.0
26.2
27.8
27.9

-A fS°
/ Jmo l - 1 K - '

762
742
870
847
978
952

1194
1163
1302
1269

The deviations of the experimental values of ApS° from the
calculated entropies are within the limits of 2%.

The relations discovered also made it possible to estimate the
corresponding thermodynamic characteristics for the hitherto
uninvestigated polyolefins and to calculate AfG° from the values
of Af/T and Ar5° for these substances (Table 8).

3. Thermodynamic parameters of fusion
Polymorphism is characteristic of higher polyolefins.72- ^ Starting
with polydecene,86 two types of crystals appear on crystallisation:
those formed by the main chains of the macromolecules and by the
side substituents respectively. The thermodynamic parameters of
the fusion of various crystalline modifications of the same
polyolefin differ markedly. For example, the crystalline form III
of polybut-1-ene melts at 374 K, while form I melts at 407 K; the
enthalpies and entropies of the fusion of these forms are respec-
tively 2.67 and 7.11 kJ mol"1 and 7.14 and 17.5 J mol"1 K"1 .
The melting points of the polydec-1-ene crystals formed by the
main chains and side substituents (276 and 301 K) differ by 25 K,
whereas their enthalpies and entropies of fusion differ only
slightly. For the majority of polyolefins, having several crystal-
line modifications the thermodynamic parameters of the fusion of
one or two have been investigated. For example, poly-4-methyl-
pent-1-ene is known to be capable of forming five different
crystalline modifications.80

The thermodynamic characteristics of only one of them have
been investigated hitherto (Table 2).80 Owing to the insufficient
amount of experimental data, the search for quantitative regular-
ities in the thermodynamic characteristics of the fusion of
polyolefins is so far difficult. One may only note that, among the
polyolefins investigated, polydecene has the lowest melting point
(276 K). Crystals of form II, formed from the main chain, melt at
this temperature. The highest melting point is that of poly-4-
methylpent-1-ene (508 K). Polybut-1-ene (crystalline form III)
has the lowest enthalpy of fusion (2.67 kJ mol"1), whilst poly-4-
methylpent-1-ene has the highest enthalpy of fusion
(10.24 kJ mol"1). The entropies of fusion of polyolefins are in
the range from 7 to 20 J mol"1 K.-1.

4. Parameters of the vitrification process and of the vitreous
state
The glass transition temperatures of polyolefins with linear side
chains decrease from 249 K for polybut-1-ene to 208 K for
polydec-1-ene. for polyolefins with branched side substituents,
rg° is greater than for polyolefins with unbranched substituents.
For example, the glass transition temperatures of poly-3-methyl-
but-1-ene and poly-4-methyIpent-l-ene are respectively 327 and
300 K. T° for poly-3-methylbut-l-ene is higher by 100 K than for
its structural isomer polypent-1-ene, while T° for poly-4-methyl-
pent-1-ene is higher than that for polyhex-1-ene. This interesting
fact requires additional analysis.

The increase in heat capacity on devitrification ACp(T£) is in
the range from 21 to 34 J m o l " 1 K - 1 for all the polyolefins
investigated and corresponds, en according to Wunderlich,83 to
between 2.5 and 3 'beads' — kinetically independent atomic
groups — in the monomer repeat unit of the polymer. However,
AC°(T°) = 60 J m o l - 1 K - 1 for polydec-1-ene, which corre-
sponds to virtually five 'beads'. Clearly this is due to the
appearance of additional independently vibrating atomic groups
in connection with the increase in the length of the side substi-
tuent.

In the vitreous state at T = 0 K, the entropies of the polymers
Sg(0) are small for the majority of higher polyolefins, varying
from 0 for poly-3-methylbut-l-ene to 8 for poly-4-methylpent-l-
ene. The fact that 5^(0) is zero for poly-3-methylbut-l-ene is
associated with the characteristic features of its structure in the
crystalline and vitreous states, the same as for poly-4-methylpent-
1-ene, which have been examined in detail.80 The main reason is
that in the crystalline polymer the packing density of the
fragments of the macromolecules is smaller than in the vitreous



1060 BVLebedev

polymer. In particular, this leads to a decrease in T° as well as the
density of such polymers with increase in the degree of crystal-
Unity. Conversely, these parameters increase as the polymer passes
from the partly crystalline to the amorphous glassy state.

The value 5^(0) = 26 J mol"1 K.-1, usual for amorphous
polymers, has been observed for polydec-1-ene. For understand-
able reasons, the polymers in the vitreous state have an excess
enthalpy compared with the crystalline state. In polyolefins, this
excess flJ(T)-fl^(O) varies from 2 J mol"1 for poly-3-methy-
but-1-ene to 8.4 J mol - I for polydec-1-ene.

5. Thermodynamic characteristics of polymerisation
reactions
In the temperature range investigated, the formation reactions of
the higher polyolefins by the polymerisation of the corresponding
monomers in bulk under standard pressure are thermodynam-
ically allowed. The standard Gibbs free energy ApoiG" is negative
throughout. At 298.15 K and the standard pressure, ApoiG" is in
the range from 80 kJ mol~' for the polymerisation reaction of
but-1-ene to 116 kJ mol"1 for the polymerisation of dec-1-ene
(the monomers and the polymers are in the liquid and highly
elastic states respectively). Clearly the monomer ** polymer reac-
tion equilibrium is ahnost fully displaced towards the formation of
the polymer. The enthalpies kpoiFf and entropies ApoiS" are also
negative, so that all the processes considered have the correspond-
ing upper limiting polymerisation temperatures. It is noteworthy
that they are all comparatively high and are in the range from
390 K for polyisobutylene to 890 K for polydec-1-ene.

Figure 12 presents the dependences of the enthalpies, entro-
pies, and Gibbs free energies for the polymerisation of olefins in
bulk with formation of the corresponding higher polyolefins at
298.15 Kand 101.325 kPa on the number of carbon atoms «in the
molecules of the initial olefins and the corresponding monomer
repeat units in the polymer macromolecules produced (the
monomers and polymers were in the liquid and highly elastic
states respectively). Evidently, the enthalpies (heats) of the
polymerisation reactions increase smoothly from ethene (n = 2)
to dec-1-ene (n = 10), curve 1 tending to a constant value of
Apoi/T with increase in n.

Lebedev and Rabinovich •18 showed that the enthalpy of the
polymerisation of a monomer via a C = C bond may be repre-
sented by the following sum:

ApoiH°(T) AE,.

A[H°{T) - (25)

-ApoiiT/kJmol-1 /kJmol-1 /JmoMK-1

180

- 60

90 - - 40

120

60

Figure 12. The enthalpies (/), entropies (2),and Gibbs free energies (3) of
the polymerisation of olefins in bulk at T = 298.15 K and the standard
pressure.
Monomers and polymers in the liquid and highly elastic states respec-
tively; (I) experimental values; (II) extrapolated data.

where KEat is the difference between the average energies of the
atomic C = C bond being ruptured and the two atomic C—C
bonds being formed, A£^>nj is the difference between the conjuga-
tion energies of the atomic bonds in the monomer and the
polymer, AE,.,. is the difference between the energies of the steric
strain in the polymer and the monomer, A£moi the difference
between the energies of the intermolecular interaction in the
monomer and the polymer at 0 K, and A[H°(T)—H°(0)] the
difference between the energies associated with the heating of the
polymer and the monomer. It is known that AEat = 88 kJ mol ~',
A-Econj = 9 kJ mol"1 (the hyperconjugation energy in the mono-
mer), AE,.,. < 4 kJ mol"1 for the polymerisation reactions of
monosubstituted vinyl monomers, and A£^,oi = 34 kJ mol"1 for
the monomers having the same structure. It is found that the
change of Apoi-H0 is caused solely by the contribution of
A[H°(T)-H°(0)]. In fact, the experimental values of
A[H°(T)—H°(0)) increase with increase in n and agree, within
the limits of the error of the calculations and the assumptions
made, with the values obtained by converse calculation from
Eqn (25). For example, the experimental and calculated values of
A[H°(T)-H°(0)] are 34 and 32kJmol- ' respectively for the
polymerisation of but-1-ene; for polypent-1-ene, the respective
values are 40 and 41 kJ mol"1. In both cases, the monomer and
the polymer are in the gaseous and highly elastic states respectively
at 298.15 K; under these conditions, Eqn (25) yields the best
results.

The entropy of polymerisation Ap^S0 (the monomer and
polymer are in the liquid and highly elastic states respectively) at
298.15 K is approximately constant. The decrease in the entropy
of the reaction is caused mainly by the formation of chains and
corresponds to the rule established by Dainton and Ivin.13

According to this rule, the polymerisation of liquid monomers via
the C=C bond to amorphous polymers leads to a decrease in
entropy by 105-125 J mol-1 K"1 (usually by 125 J mol-1 K-1).
In the polymerisation of the above olefins, the entropy diminishes
by 120 J mol-' K"1.

The Gibbs free energy of polymerisation, like the enthalpy of
polymerisation, also gradually increases with increase in n and the
form of the dependence of ApOiG° on n (Fig. 12, curve 3) resembles
the corresponding dependence of Apoi/T on n (curve 1). This is of
course associated with the fact that Apo\H° varies with increase in
n, while the entropy factor TApo\S° (T= 298.15 K) is constant
and independent of n. It therefore follows from the equation

ApoiG° = - 298.

that the forms of the curves representing the AVO\H° and ApoiG"
isotherms as a function of n should be identical.

The existence of smooth dependences of the enthalpies,
entropies, and Gibbs free energies of the polymerisation of olefins
on n made it possible to estimate the thermodynamic character-
istics of the polymerisation reactions of olefins (at 298.15 K and
101.325 kPa) for which experimental determinations have not yet
been made. The results of the estimates are as follows (kJ mol"1):

Hept-1-ene Oct-1-ene Non-1-ene

107
72

111
76

114
79

In all cases, the monomer and polymer were in the liquid and
highly elastic states and the entropy of polymerisation was
120 J mol-1 K-1 .

In conclusion we may note that, in the analysis and general-
isation of the thermodynamic characteristics of polyolefins and
the parameters of the polymerisation reactions of the correspond-
ing olefins published in the literature, the most reliable values were
selected (Tables 2-6). These parameters are recommended for
practical use. The quantitative dependences of the thermody-
namic properties and parameters of the reactions on the composi-
tion and structure of the monomer repeat units in the
macromolecules of the polyolefins, on the physical state of the
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rcactants, and on temperature at the standard pressure have been 41.
discovered. They have been used to estimate the numerical values
for the corresponding polyolefins in the series polyethylene to
polydecene which have not yet been investigated experimentally.

42.
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Abstract. The thermodynamic properties of polylactones and the
thermodynamic parameters of their formation reactions involving
the polymerisation of lactones in the range 0 - 400 K are examined
on the basis of the results of calorimetric studies. The selected
thermodynamic quantities which have been recommended for use
are presented. The regularities and characteristics of the thermo-
dynamic properties and parameters of the lactone polymerisation
reaction and their dependence on the composition, structure and
physical state of the reactants and on temperature at the standard
pressure are described. The bibliography includes 99 references.

I. Introduction
Polylactones are obtained by the polymerisation of the corre-
sponding lactones in accordance with the scheme

*(CH2)n C=O 4(CH2)n-C-o4-

The interest in the thermodynamic properties of polylactones and
the thermodynamic parameters of the reactions involving their
synthesis is due to the wide variety of theoretical and applied
studies on reactants and reactions' ~s in connection with the good
prospects for the practical employment of polylactones as com-
plex aliphatic polyesters with a chain structure.6"8 A series of
polylactones and their copolymers are being manufactured
industrially and are used in practice. As an example, one may
point to polyglycolide and its copolymers with lactide, which are
used in medicine as biocompatible surgical materials,7-9 and to
polypivalolactone10'11 and poly-f3-butyrolactone,3>8 which are
used as biodegradable materials. The thermodynamic character-
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istics of polylactones and their formation reactions are needed in
the planning and implementation of theoretical and applied
developments designed to obtain and process these materials and
in the development of industrial technologies for their manufac-
ture and conversion into articles.12 The thermodynamic para-
meters of the polymerisation reactions of lactones are used in the
search for the optimum physical conditions in their implementa-
tion, ensuring the maximum yield of products, for the determina-
tion of the temperature ranges of thermodynamic stability of
polylactones relative to their depolymerisation to the initial
monomers, and also for the determination of the temperature
ranges corresponding to the existence of the polymers in particular
physical states, which in many respects determine their specific
applications.13'14

Spontaneous polymerisation of the monomers takes place
when the Gibbs free energy Aj,oiG(T,p) decreases.15 The standard
Gibbs free energy ApoiG°(7), characterising the state of thermo-
dynamic equilibrium in the reaction, indicates directly the possi-
bility or impossibility in principle, from the thermodynamic
standpoint, of the conversion of the lactone into the correspond-
ing polylactone under specific physicochemical conditions.13-ls-16

For ApoiG°(r) < 0, the process equilibrium is displaced to the right
—towards the formation of the polymer, while for ApoiG°(r) > 0 it
is actually displaced to the left and the monomer predominates in
the equilibrium reaction mixture. If the positive standard Gibbs
free energy is less than 40 kJ mol"1 , then change of the phys-
icochemical conditions in carrying out the reaction may lead to a
change in the sign of ApoiG(7) and to a shift of the equilibrium to
the right.16 For ApoiG°(r)>40 kJ mol"1 , the spontaneous reac-
tion is thermodynamically prohibited. In this case, the conversion
of the monomer into the polymer is possible only with expenditure
of energy from outside.

If the positive value of ApoiG°(r) is small, then a low
equilibrium polymer concentration corresponds to it in the
equilibrium reaction mixture. If it is possible to create conditions
such that the polymer formed is removed continuously from the
equilibrium reaction mixture, then the conversion of the monomer
into the polymer can be continued until the complete exhaustion
of the monomer. Realistically this is possible, for example, in cases
where the polylactone formed is insoluble in the reaction mixture
and precipitates.17 Calculations have shown that the standard
Gibbs free energy for 8-valerolactone and E-caprolactone are
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negative, whilst those for y-butyrolactone are positive.13 Accord-
ingly, 5-valerolactone and e-caprolactone are readily converted
into the corresponding polymers under the influence of catalysts;
y-butyrolactone cannot be polymerised under the same physico-
chemical conditions. However, an increase in pressure from 10s to
2 x 109 Pa alters the sign of ApoiG(T) and leads to the virtually
complete conversion of the monomer into poly-y-butyrolactone.

The yield of the polymer corresponding to thermodynamic
equilibrium and the content of the residual monomer in the
polymer at any temperature for which the standard Gibbs free
energy is known may be readily calculated from the values of
ApoiG°(T).u ApOiG°(T) may be calculated if the enthalpies
Apoi-H°(7) and entropies Apoi>So(T) of polymerisation are known.
The latter are usually found from the results of calorimetric
measurements. The calculation of these quantities from the
equilibrium concentrations of the monomer [M]j in the reaction
mixture as a function of temperature, as averages for a certain
temperature range in which ApoiH°(T) and ApoiS^T) are inde-
pendent of temperature or depend little on the latter, is possible in
principle.18 When this method is used, it is necessary to monitor
rigorously the onset of the polymerisation-depolymerisation
equilibrium in the reaction mixture at a specified temperature
and pressure.18"20 One must bear in mind that the approach to
equilibrium is frequently slow, usually owing to the high viscosity
of the reaction mixture.

For several of the lactone polymerisation reactions investi-
gated, the quantities Apo\H° have been obtained from the
enthalpies of combustion AcH° of the monomers and the corre-
sponding polymers or from their enthalpies of formation AfH° at
298.15 K and the standard pressure. For other reactions, Apoi-H"
has been measured directly during polymerisation in calorimeters.
We may note that the quantity Apo\H°(T) is independently
important as the initial parameter for the calculation of the
energy balances in the development of industrial technologies for
the synthesis of polymers.

The entropies of polymerisation of lactones ApoiS°(7) are
calculated from the absolute entropies of the reactants, which are
evaluated in their turn from the experimental temperature varia-
tions of the heat capacities and the temperatures, and enthalpies of
the physical transformations of the polymers and monomers using
the Third Law of Thermodynamics.21 For these calculations, it is
necessary that the heat capacities of the test substances should be
measured from as low temperatures as possible. The absolute
entropies of the monomers are calculated in the usual way,21

whilst their calculation for the polymers is complicated by the fact
that in any physical state the entropies of the polymers at T = 0 K
are not zero,22'23 since polymers have a zero-point (residual)
entropy S^O).22"24 This is associated with the fact that poly-
mers, particularly polylactones, are partly crystalline or amor-
phous and constitute a mixture of macromolecules having
different masses.23-24 Furthermore, when polymers are cooled
the conformations of the macromolecules are frozen at the glass
transition temperature T°. On further cooling, such macromole-
cules do not pass to the state corresponding to thermodynamic
equilibrium owing to the enormous activation energy for the
rearrangement of their constituent segments and give rise to the
so called conformational contribution S^ to the zero-point
entropy of the polymer.25"27 There are also other causes of the
existence of S°(0).23

The problem of the zero-point entropy remained for a long
time a serious obstacle to the calculation of the absolute entropies
of polymers and hence to the employment of calorimetric methods
for the determination of the thermodynamic parameters of
polymerisation reactions.24-28 A consequence of the neglect of
the values of S°(0) for polymers was serious errors in the
calculations of ApoiCTCT), [M]e, and the polymerisation-depoly-
merisation equilibrium constants, A^o|.

Lebedev and Rabinovich29 found a way of estimating the
zero-point entropies of polymers in the amorphous state from
experimental temperature variations of the heat capacities and the

temperatures and enthalpies of the physical transformations of
partly crystalline polymers. An approximate method for the
determination of the configurational entropies S^at of amor-
phous polymers from the increments in their heat capacities on
devitrification AC°(7p at 7£ and from the ratio 7^/T| « 1.29,
where T | is the Kauzmann temperature,30 has been proposed.25-M

It was shown that the configurational entropy constitutes the
main contribution to the zero-point entropies of polymers and in
many cases S^ is close or even equal to 5°(0).25-27 Thus the
problem of the calculation of the absolute entropies of polymers
from calorimetric data has been virtually solved. The values of
APoiS(7) for more than 150 polymerisation reactions of mono-
mers, including many lactones, have now been found from the
absolute entropies of the reactants.

The physical transformations occurring on heating or cooling
the test substances are manifested clearly in the temperature
variations of the heat capacity, and the temperatures and
enthalpies of these transformations may be measured accurately.
By employing the heat capacities and the temperatures and
enthalpies of the physical transformations, the enthalpies
H°(T)-H°(0), the entropies S°(T), and the Gibbs free energies
G°(T)—H°(0) may be found. These thermodynamic functions are
used in their turn to calculate the enthalpies, entropies, and Gibbs
free energies of the polymerisation processes. The thermochemical
parameters Af/T, AK?°, AfH°, and lCf, of the formation of the
monomers and polymers are calculated from the standard
enthalpies of combustion and S°(298.15 K). The degrees of
crystallinity a of partly crystalline polymers are also estimated
from calorimetric data.31-32

a=100 1 -
AC°p(a)

a=100 = 100%)'

(1)

(2)

where ACp(a) and ACp(a = 0) are respectively the increments in
heat capacity on devitrification of the polymers at Tg for the
polymer with a degree of crystallinity a and for the fully
amorphous polymer and AfIU/T>(a) and Afu,fl°(a = 100%) are
the enthalpies of fusion of the polymer with a degree of crystal-
linity a and the fully crystalline polymer.

The properties of polymers in the amorphous and crystalline
states are estimated with the aid of the thermodynamic properties
of the partly crystalline polymers. The method used for such
estimations has been described.29-33 The results permit, apart
from the calculation of S°(0) for amorphous polymers, also the
calculation of the difference between the zero-point enthalpies of
the polymer in the vitreous and crystalline states Hg(0)—H^(0) at
r = 0 K . 3 3 - 3 4 Using the values of 5°(0) and H° (0) - / £ ( 0 ) as well
as the temperature variations of the heat capacities of the
monomers in the amorphous and crystalline states, it is possible
to find the thermodynamic parameters of the conversion of the
amorphous polymer into the crystalline form: AH°(a;cr),
AS°(a;cr), and AG°(a;cr) in the range 0-T?m. The values of
AG°(a;cr) represent a kind of estimate of the absolute thermody-
namic stability of the amorphous polymer in relation to its
crystalline state.35-36

Polylactones are convenient objects for the determination of
the dependences of the changes in the properties and thermody-
namic parameters of the polymerisation reactions on the compo-
sitions and structures of the reactants—the monomer repeat units
in the polymer macromolecules. In a series of polylactones, the
composition changes by a CH2 group on passing from one
polylactone to another. This gives rise to a regular variation of
the melting points and glass transition temperatures, heat capaci-
ties, thermodynamic functions, thermochemical parameters of
formation, thermodynamic parameters of the polymerisation
reactions, and other characteristics. If the above variations can
be found, it is possible to estimate the properties of hitherto
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uninvestigated polymers, as has been done for the alkanes,35

polyalkenes,36 and polyalkynylenes.37

In the present review, partly crystalline high-molecular-mass
polylactones are examined (Table 1). For the polymers the degree
of crystallinity of which has been determined, the latter proved to
be somewhat greater than 60%. The masses of the monomer
repeat units in the macromolecules of the polylactones were taken
from Domalsky.38

n. Calorimetric research methods
1. Combustion calorimetry
Combustion calorimetry is used in direct measurements of the
combustion energies Act/. The enthalpies of combustion AJT and
formation ArfT of compounds at 298.15 K and the standard
pressure are calculated from the values of Ac£7. They are in turn
necessary for the calculation of the enthalpies of polymerisation
Apoii7° under the same physical conditions. For this very purpose,
Sunner and coworkers,39 Hall,40 Andruzzi,41 and Kiparisova and
the author of the present review36 carried out experiments
designed to determine AcH° and Af/f for lactones and the
corresponding polylactones. The calorimetric apparatus and the
methods used to measure Ac U by the above investigators did not
differ fundamentally and in general were similar to those
described by Skuratov et al.42 However, Sunner and co-
workers 39 used a rotating bomb calorimeter t.

Lebedev and Kiparisova36 used a calorimeter with an iso-
thermal jacket and a static bomb of the inverted type. In the
calculation of the combustion energies Ac {/under the conditions
in the bomb calorimeter, the usual thermochemical corrections
were taken into account.42 The values of Ac£/, adjusted to the
standard pressure, were then used to calculate AJF and Affl°.

The majority of the values of AJT were determined with an
error of ~0.02%.

2. Adiabatic vacuum calorimetry
Adiabatic vacuum calorimetry has been used to measure the
temperature variation of the heat capacity Cp and the tempera-
tures and enthalpies of the physical transformations of polylac-
tones in the range from 13.8 to 320 K. The thermodynamic
parameters of fusion T{m, A{uaH°, and AfU85°, the parameters of
vitrification and the vitreous state 7£, the increase in heat capacity
on devitrification of the polymer ACp(T^), the zero-point [5°(0)]
and configurational (5^,nf) entropies, the Kauzmann temperature
Tl, and the difference #|(0)-tfcV(0) were obtained from the
above measurements. Hitherto virtually all the measurements of
Cp for polylactones in the range 13.8-370 K have been carried
out on a therm ophysical apparatus, the design of which and also
the methods of measurement have been published.13-43 Overall,
the analysis of the calibrations and checks of the calorimeter
employed and of the experimental method permitted the conclu-
sion that the error in the measurements of Cp for the polymer was
to within 1% in the range 13.8-20 K, 0.5% in the range
30-90 K, and 0.25% in the range 90-370 K; the error in the
measurement of the temperature was 0.01 K in conformity with
the International Practical Temperature Scale (IPTS-68) and that
in the enthalpies of the transformations was 0.25%.

An adiabatic calorimeter of the Gal'chenko-Popov type was
used in the measurements of the heat capacity in the range
300-550 K. The design of the calorimeter and the method of
measurement have been described.44-45

3. Differential scanning calorimetry
Differential scanning calorimetry (DSC) has been used in the
study of polylactones mainly to obtain the melting points, the
crystallisation temperatures, and the enthalpies of fusion.46"50

t All the characteristics of the calorimeter employed by the above workers
may be found in the paper of Lebedev and Kiparisova.36

Wunderlich and coworkers *> used this method to investigate the
temperature variation of the heat capacity, the glass transition
temperature, the crystallisation temperature, and the melting
point of polypivalolactone. The principles underlying the design
of the differential scanning calorimeters and of the methods for
their employment have been examined in a series of studies 51 ~55

and on the whole are well known. The results obtained are
consistent throughout with the data of the U S National Bureau
of Standards 56 to within approximately ±0.1 %. The details of the
methods of measurement are described by Jin and Wunderlich.57

4. Isothermal calorimeter of the Mathews type
An isothermal calorimeter of the Mathews type has been used for
the direct measurements of the enthalpies of polymerisation of a
series of lactones with formation of the corresponding polylac-
tones. The enthalpy of polymerisation was determined from the
mass of carbon tetrachloride vaporised at its normal boiling point
(349.66 ± 0.05 K) by the energy evolved on polymerisation of the
monomer. The design of the calorimeter and the experimental
method have been described.58 The reliability of the operation of
the calorimeter has been confirmed by the exact reproduction of
Joshi's precision experiments 59 on the polymerisation of methyl
methacrylate and styrene.60 The values of Apo\H° obtained for
these monomers did not differ from those quoted by Joshi59 by
more than 0.3%.

m. Heat capacity
Polyglycolide. The polymerisation of glycolide with ring opening
leads to the formation of polyglycolide. According to the formula
of its smallest repeat unit (Table 1), it can be formally regarded as
a polylactone which might have been obtained from a three-
membered lactone, the latter apparently not existing owing to the
high ring strain energy. The results of calorimetric measurements
of the heat capacity of a partly crystalline (a = 67%) polyglycolide
with a molecular mass (found from the viscosity) of 3.8 x 104 have
been published by Lebedev et al.61 The heat capacity was
determined in adiabatic calorimeters with an error of ~ 0 . 3 % in
the range 13.8-335 K4 3 and ~0.7% in the range 335-550 K.44

In the ranges 13.8-250, 340-450, and 501-550 K, the heat
capacity of the polyglycolide increases smoothly with increasing
temperature (Fig. 1). The rapid increase in Cp in the range
250-345 K is associated with the devitrification of the amor-
phous component of the specimen, while the sharp increase in heat
capacity and the break in the Cp - T plot in the range 440 - 501 K
are caused by the fusion of the crystalline component of the test
specimen. Overall, the temperature variation of the heat capacity
of polyglycolide is typical of that for partly crystalline polymers:14

in the range from 60-80 K up to the temperature of the onset of

150

100

50

0
100 200 300 400 r /K

Figure 1. The heat capacity of polyglycolide:61 ABRPM — with 67%
crystallinity, AKC — crystalline, AK — vitreous, GD — highly elastic,
DE — liquid; PLND — apparent heat capacity in the melting range.



Table 1. The polylactones considered in the review.

Polylactones Monomer repeat unit

formula mass /g mol"

Polylactones Monomer repeat unit

formula mass /g mol"

Polyglycolide

Poly-fJ-propiolactone

1CHT°t

Poly-a,a-dimethyl-

P-propiolactone

Poly-a-ethyl-a-methyl-

P-propiolactone

Poly-a-methyl-a-n-propyl-

P-propiolactone

Poly-a-isopropyl-

a-methyl-p-propiolactone

Poly-a-methyl-a-pentyl-

(5-propiolactone

Poly-a,a-diethyl-

p-propiolactone

Poly-a-ethyl-a-n-propyl-

P-propiolactone

Poly-a-ethyl-o-n-butyl-

(3-propiolactone

Poly-a,a-di-n-propyl-

P-propiolactone

1
1
1

CH2—C(CH3)2— C—

CH2-C(CH3)(C 3 H 7 )—C-7)—C-ol-

2-C(CH3)(CH(CH3)2) - S -

4CH2—C(CHbXCjH.O-C-O-l-

4CH2—C(C2H5)2—C-<>4-

4CH2—C(C2H5)2(C3H7) — C—0+-

I niT r^t*^ IT \ ff> TJ \ ("* f\ 1

1 4 T
4CH 2 -C(C 3 H 7 )2-C-O-| -

58.038

72.063

100.117

114.144

128.171

128.171

156.224

128.171

142.197

156.224

156.224

Poly-P-ethyl-a,a-dimethyl-

(3-propiolactone

Poly-P-methyl-

p-propiolactone

Poly-y-butyrolactone

Poly-8-valerolactone

Polyoxacarbonyl-

1,4-cyclohexylene

Poly-E-caprolactone

Poly-Y-methyl-

E-caprolactone

Poly-E-methyl-

e-caprolactone

Poly-a,E-dimethyl-

E-caprolactone

Poly-T|-caprylolactone

Poly-X-laurolactone

4CH(C2H5) —C(CH3)2 — C—

L o

-|-CH(CH)3—CH2—C—O-l-

4 T
- J - ( C H 2 ) 5 - C - O 4 -

-kcH2)2—CH(CH3)—(CH2)2— C

[ <
-f-CH(CH)3 —(CH2>4 — C—O-j-

l O J

tCH(CH3) —(CH2)3—CH(CH3) — C -

-JL(CH2)6-C-(>|-

rt4-(CH2)7-C-OJ-

128.171

86.090

86.090

100.117

126.155

114.149

128.171

128.171

142.197

128.171

142.197



Table 1 (continued).

Polylactones Monomer repeat unit

formula mass/g mol"1 a

Polylactones Monomer repeat unit

formula mass /g mol~' •

Poly-a-n-butyl-oc-

n-propyl-p-propiolactone f
Poly-a,a-dimethyl- - f C(CH3)2 —CH(CH3) —C—

P-methyl-p-propiolactone I

rt
rt

Polyundecanolactone

Polydodecanolactone

Polytridecanolactone

-p(CH2),0-c-o4-

l O

170.343

114.144

184.278

198.305

212.331

Polynonanolactone

Polydecanolactone

Polytetradecanolactone

Polypentadecanolactone

Polyhexadecanolactone

j

4-(CHj),-C-o4-

C-kCH2)u

4-(CH 2 ) I 4 -C-O4-

4<CHi),,-C-o4-

156.224

170.343

226.358

240.385

254.505

* Values taken from Domalsky.38
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the devitrification of the amorphous component of the polymer,
the heat capacity is a linear function of temperature; the heat
capacity of liquid polyglycolide is also a linear function of
temperature, as for many other polymers.50-61

Poly-P-propioIactone. The results of calorimetric measure-
ments of the heat capacity of poly-fS-propiolactone have been
published.63 The specimen was obtained by the polymerisation of
P-propiolactone. The mass-average (A/w) and number-average
(Mn) molecular masses of the polymer were respectively 3 x 104

and 8.3 x 103, the polydispersity coefficient was M^/M,, = 3.8,
and the degree of crystallinity was a = 79%. The heat capacity of
poly-P-propiolactone was measured in an adiabatic vacuum
calorimeter43 in the temperature range 13.8-330 K with an
error of ~ 0 . 3 % and in an adiabatic calorimeter44 in the range
330-400 K with an error of ~ 1 % . The devitrification of the
amorphous component of the specimen began at 240 K (Fig. 2),
its completion being masked by the onset of the fusion of the
crystalline component; the break in the C£-T relation in the
melting range is also associated with this factor. In the range
100-210 K, the heat capacity is a linear function of temperature
and is described by the following equations subject to an error of
±0.3%:

C ; /J K- 1 mol- 1

300

200

100

0
ir;fill,

100 200 300 400 T/K

Figure 3. Temperature dependence of the heat capacity of
methyl-P-propiolactone.67

State of the polymer: ABC — crystalline; MHN — liquid; ABF—partly
crystalline, a = 66%; FLDH — apparent heat capacity in the melting
range.

where Cp is the molar heat capacity of the polymer expressed in
J mol"1 K - 1 . The heat capacity of the poly-P-propiolactone melt
is also a linear function of temperature. The temperature varia-
tions of the heat capacity of poly-P-propiolactone in the amor-
phous and crystalline states have been plotted on the basis of the
experimental data by the method proposed in the study of
Lebedev and Rabinovich29 (Fig. 2).

Poly-P-methyl-P-propiolactone (poly-p-butyrolactone) is
obtained by the polymerisation of P-butyrolactone with ring
opening 64> 65 or from (/{)-3-hydroxybutyric acid under the influ-
ence of microorganisms in the course of enzymic reactions.8-66

Lebedev et al.67 investigated the temperature variation of the heat
capacity of a poly-P-methyl-P-propiolactone specimen obtained
from CR)-3-hydroxybutyric acid by a biotechnological method.68

The number-average molecular mass of the polymer was 10s and
its degree of crystallinity was 66%. The specimen was highly
isotactic. The heat capacity was measured in the temperature
range 10-490 K: in an adiabatic vacuum calorimeter (AVC)68 in

200

150

100

50

M ' N

100 200 300 r /K

Figure 2. Temperature dependence of the heat capacity of poly-P-
propiolactone.63

State of the polymer: ABC — crystalline; AB — vitreous; DE — highly
elastic; EF — liquid; APR — partly crystalline, a = 79%; RMNE —
apparent heat capacity in the melting range.

the temperature range 10 - 340 K with an error of ~ 0.2% and in a
dynamic calorimeter (DC)69 in the range 340 - 490 K with an error
of 0.5% -1 .5%. The results are presented in Fig. 3.

A characteristic feature of the temperature variation of the
heat capacity of poly-P-methyl-P-propiolactone obtained is the
absence of the devitrification of the amorphous component of the
specimen — only the fusion of the crystalline component is
manifested. Such relations are usually characteristic of polymers
with a degree of crystallinity close to 100% (more than 90%). In
the given instance, it was only 66%. For virtually the same degree
of crystallinity, the devitrification of polyglycolide (Fig. 1) is
manifested very clearly. The reason for this is probably the degree
of interaction of the crystalline and amorphous components in
partly crystalline polymer specimens — microheterogeneous
systems.70 It appears that the greater the uniformity in the
distribution of the microheterogeneous crystalline and amor-
phous components in the bulk of the specimen, the greater the
uniformity in their mutual influence and, in particular, in the
reinforcement of the amorphous component of the polymer by
crystals, which prevents the excitation of segmental motions in the
polymer molecules on devitrification.7'172

Poly-a,a-dimethyl-p-propiolactone (polypivalolactone). The
heat capacity of poly-a,ot-dimethyl-P-propiolactone has been
determined by Wunderlich and coworkers 50 in a DSC-7 differ-
ential scanning calorimeter in the range 140-550 K at a rate of
heating of the calorimeter with the test substance of
1.7 x 10~' K s~l A specimen with a molecular mass of 2.5 x 105

was investigated; the degree of crystallinity of the initial specimen
was 51 %. The devitrification of the amorphous component of the
polymer in the range 260 - 280 K (section BQ and two transitions
were manifested on the temperature variation of the heat capacity
(Fig. 4, curve 1): the first transition in the form of a diffuse hump
(DGN) and the second in the form of the typical temperature
variation of the apparent heat capacity of the polymer in the
melting range (NRSU).

The first transition begins at 380 K, the maximum apparent
heat capacity (point G) corresponds to 421.5 K, and the end of the
transformation is masked by the onset of the fusion process. The
nature of the transition is not altogether clear. However, one may
postulate that it is due to the transformation of one crystalline
modification of poly-a,a-dimethyl-P-propiolactone into another.

Poly-a,a-dimethyl-P-propiolactone is known to be capable of
forming three crystalline modifications — a, p, and y.73-74 The
crystals melt in the range 497-530 K. The maximum apparent
heat capacity corresponds to 511 K. The temperature variation of
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100 -

150 250 450 r/K

Figure 4. Temperature dependence of the heat capacity of poly-a,oc-
dimethyl-P-propiolactone.50

(7) Initial specimen; (2) specimen obtained by natural cooling of the melt in
air; (3) specimen obtained by cooling the melt with liquid nitrogen (cooling
rate 5.3 K s~'); f° r the significance of the letter designations, see text.

Cp of the polymer melt cooled naturally from 540 K in air is
described by curve 2 in Fig. 4. It was found that the degree of
crystallinity in the specimen obtained in this way is 68%. Only
fusion, which begins at 502 K and ends at 530 K, is manifested on
the curves describing the Cp = f(7) relation; the maximum in the
apparent heat capacity corresponds to 513 K.

The third series of measurements was carried out for a
specimen of poly-a,a-dimethyl-P-propiolactone obtained by
rapid cooling of the polymer melt with liquid nitrogen (rate of
cooling ~5.3 K s - 1 ) . Vitrification was again manifested on the
Cp = f(T) relation (Fig. 4, curve 3) together with an exothermic
transformation (ELN section) and fusion. Even on such rapid
cooling, the polymer was obtained in a highly crystalline form, its
degree of crystallinity being close to that of the initial specimen.
Repeated measurements of Cp in the range 150-260 K and
averaging of the latter yielded the following equation which
makes it possible to determine the heat capacity of the polymer
with an error of ~0 .3%:

Cp = exp[-48.06197 + 27.29137 l n r -

-4.791726(ln7")2 + 0.286860nr)3],

(3)

where Cp is expressed in J mol"1 K~ ] .
For the liquid polymer, the following equation was obtained

also as a result of several experimental measurements:

C p = 112.4 +0.2217\

which reproduces satisfactorily (with an error of ±0.13 %) the heat
capacities in the range 510-550 K.

Using the results of experimental determinations of the heat
capacity and the vibration frequency of the atoms and atomic
groups in poly-a.a-dimethyl-fj-propiolactone, Wunderlich and
coworkers50 calculated the heat capacity of the polymer in the
range 0.1 -1000 K. The isochoric heat capacity, Cv, as well as the
contributions to this quantity by skeletal and atomic vibrations
calculated per monomer repeat unit in the polylactone macro-
molecules were estimated for the same range.

Poly-y-butyrolactone. The results of the study of the tempera-
ture variation of the heat capacity of poly-y-butyrolactone in an
adiabatic vacuum calorimeter43 at temperatures in the range
13.8 -340 K have been published by Evstropov et al.75 The error
of the measurements was 0.3%. The test specimen was obtained

by the bulk polymerisation of y-butyrolactone under a pressure of
2 x 106 kPa, because at the usual pressure the monomer does not
polymerise. The number-average molecular mass of the polymer
wasMn = 3x 103 and its degree of crystallinity was a = 67%. The
amorphous component of the specimen devitrified in the range
200-235 K and the crystalline component melted in the range
245-335 K. In the course of slow stepwise cooling of poly-y-
butyrolactone melt, Evstropov et al.75 were able to measure the Cp
of the polymer in the supercooled liquid (highly elastic) state up to
a temperature 12 K below its melting point. Overall, the plot of
the temperature variation of the heat capacity of poly-y-butyro-
lactone has a form similar to that of the plot of the same relation
for poly-P-propiolactone (Fig. 2).

Poly-5-valerolactone. Evstropov et al.76 Published the results
of a study of the temperature variation of the heat capacity of
poly-5-valerolactone in an adiabatic vacuum calorimeter43 in the
range 13.8-340 K. The error of the measurements of Cp was
~0 .3%. The test specimen was obtained by the polymerisation of
8-valerolactone. The viscosity-average and number-average
molecular masses of poly-5-valerolactone were respectively
3.6 x 103 and 1.4 x 103, the polydispersity coefficient was ~2.5,
and the degree of crystallinity of the specimen was 70%. The
Cp - T plot was similar to that presented in Fig. 2 for poly-P-
propiolactone. The amorphous component of the polymer devi-
trified in the range 190—215 K and fusion, accompanied by a
break in the Cp = f(T) function, occurred in the range
250-330 K. On slow stepwise cooling of the polymer melt, it
was possible to measure its heat capacity in the supercooled liquid
state — from the melting point corresponding to thermodynamic
equilibrium down to a temperature 10 K below it.

Poly-e-caprolactone. The results of calorimetric studies of the
heat capacity of poly-e-caprolactone have been published by
Lebedev and coworkers.77-78 The measurements in an adiabatic
vacuum calorimeter43 in the range 13.8-340 K were carried out
with an error of ~0.3%, 7 7 while those in a differential scanning
calorimeter in the range 77-360 K were subject to an error of
~1.5%.7 8

Since all the subsequent calculations and conclusions are
based on the treatment of the results of Lebedev et al.77, we shall
note the most important characteristics of the polymer which they
investigated. The poly-e-caprolactone specimen was obtained by
the polymerisation of e-caprolactone (Mw = 2.9 x 104, a = 63%).
The temperature variation of the heat capacity of the polymer had
no singularities: it increased smoothly with increase in tempera-
ture, a more rapid rise in Cp being observed, as for other
polylactones, in the devitrification range for the amorphous part
of the specimen (200 - 245 K); the sharp rise in Cp and the break in
the Cp - Tplot in the range 298 - 336 K are due to the fusion of the
crystalline component of the polymer. The differences between the
heat capacities quoted in the above two studies 77-78 do not exceed
1.5% in the range 90-130 K, 0.5% in the range 130-200 K, and
1 % in the range 200-250 K.

Polyundecanolactone. The temperature variation of the heat
capacity of polyundecanolactone in the temperature range
0-370 K has been published by Evstropov.79 The measurements
of Cp were carried out in an adiabatic vacuum calorimeter 43 in the
range 14-366 K subject to an error of ~0 .3%. The test specimen
was obtained by the polymerisation of undecanolactone. The
viscosity-average and number-average molecular masses of the
polymer were 3.4 x 104 and 1.0 x 104 respectively. The degree of
crystallinity of the specimen was 73%. The Cp - Tplot was similar
to that presented in Fig. 2 for poly-P-propiolactone. The amor-
phous component of the specimen devitrified in the range
190-270 K and fusion, accompanied by a break in the C°-f(7)
relation, occurred in the range 270-365 K. On slow stepwise
cooling of the polyundecanolactone melt, it was possible to
measure its heat capacity in the supercooled liquid (highly
elastic) state in the temperature range from 7%^ to 350 K, which
is 15 K below the melting point of polyundecanolactone.
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Polytridecanolactone. The results of the study of the tempera-
ture variation of the heat capacity of polytridecanolactone in the
range 0-370 K have been published by Lebedev et al.80 The
polymer specimen investigated was obtained by the polymer-
isation of tridecanolactone. The intrinsic viscosity of polytrideca-
nolactone, measured in chloroform at 298 K, was 0.82 dl g - 1 and
its degree of crystallinity was 75%. The heat capacity was
determined in an adiabatic vacuum calorimeter43 in the range
14-370 K. The error of the values of Cp obtained was ~0 .3%.
The devitrification of the amorphous component began at 200 K
and its end was masked by the incipient fusion of the crystalline
component in the range 280-365 K. The polytridecanolactone
melt hardly supercooled. Overall, the Cp - Tplot is similar to that
presented in Fig. 2 for poly-jJ-propiolactone.

Polypentadecanolactone.81 The heat capacity of polypentade-
canolactone was determined in an adiabatic vacuum calori-
meter43 in the range 13.8-372 K with an error of ~0 .3%. The
test specimen was obtained by the polymerisation of pentadeca-
nolactone. The intrinsic viscosity of a solution of the polymer in
chloroform at 298 K was 0.93 dl g~' and the degree of crystal-
linity of the polymer was 77%. The Cp - T plot for polypentade-
canolactone is similar to the plot presented in Fig. 3 for poly-P-
methyl-P-propiolactone. The amorphous component devitrified
in the range 200-270 K. In the range 140-200 K, the heat
capacity of polypentadecanolactone is described by the equation

C p = 51.34+ 1.0659r,

The deviation of the experimental Cp points from those calculated
by the equation is throughout within the limits of 0.2%. The heat
capacity of the fused specimen, like that of other polylactones, is a
linear function of temperature. In contrast to some of the
preceding polylactones, polypentadecanolactone does not super-
cool in the liquid state.

IV. Thermodynamics of fusion
The fusion of all partly crystalline polylactones takes place over a
wide temperature range. The Cp - T plots in the melting range
have left-hand branches, which ascend comparatively rapidly with
increase in temperature, and rapidly descending right-hand
branches (Figs. 1-4). Fig. 5 presents typical integral and differ-
ential fusion curves for polylactones in relation to poly-e-capro-
lactone as an example.77 They reflect the distribution of the
crystals with respect to the melting points. Evidently poly-e-
caprolactone melts in the range 210-337 K, approximately 70%
of the mass of the crystals melting over a comparatively narrow
temperature range (328 - 337 K), and most of them melt at 336 K.

P (mass %)

100
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250 300 r/K.

Figure 5. Temperature dependence of the fraction of the melt in the
crystalline component of a poly-e-caprolactone specimen (a = 75%).77

Integral (7) and differential (2) curves.

The nonisothermal nature of fusion is known to be caused by the
polycrystallinity of polymers — the presence of a set of different
metastable and crystalline formations with ultramicroscopic and
microscopic dimensions and with different chemical potentials.
For ultramicroscopic dimensions of the crystals, the Gibbs free
energy of the surface constitutes a significant proportion of the
total Gibbs free energy G. Below the melting point corresponding
to thermodynamic equilibrium, G(cr) < G(l) and at this tempera-
ture AG = 0. This condition is attained at different temperatures
for small crystals of different size: the smaller the crystal, the lower
its melting point. This is in fact the reason for the nonisothermal
nature of fusion.14 The fact that the crystallisation of the polymer
does not entail the formation of microscopically ideal crystals of
one definite type, the chemical potential of which depends only on
the temperature and pressure, can also be accounted for by mainly
kinetic causes.

Table 2 presents the thermodynamic parameters of the fusion
of polylactones found from the results of calorimetric measure-
ments. The greatest number of data have been obtained by
adiabatic vacuum calorimetry. The melting points, correspond-
ing to thermodynamic equilibrium, of defect-free ideal polymer
crystals are presented for polylactones investigated by this
method. For their calorimetric determination, measurements
were made of the melting points Tp, corresponding to thermody-
namic equilibrium, for fractions F of the polymer melt. It was
found that, for the polylactones investigated, the Tp-F~l plots
are straight lines described satisfactorily by the equation

where T° and T$ are the melting points, corresponding to
thermodynamic equilibrium, of the crystals of the polymer speci-
men employed and a hypothetical defect-free crystal of the same
polymer respectively. The above equation is used mainly for low-
molecular-mass substances.83 For example, the following results
have been obtained for poly-s-caprolactone:77

4.456
314.584

2.610
325.586

1.305
334.408

1.071
335.420.

I ? = 336 K was obtained from the Tp-F'1 plot for F ~ ' = 1
and IT = 342 K was found by extrapolation for F~l = 0.

The enthalpies of fusion of the test specimens of the polymers
were measured by the method involving the continuous injection
of energy 82 and were calculated by the equation

/ •'fill *f

a)=|Aflf- Jc;(s)dr- jc;(i)dr- (5)

where AH? is the amount of energy consumed in the heating of the
calorimeter with the test substance from the initial experimental
temperature T° to the final temperature I ? , Cp(s) and Cp(l) are
the temperature variations of the heat capacities of a polymer
specimen (placed in the calorimeter) with a mass m in the solid (s)
and liquid (1) states, Ccai is the heat capacity of the empty
calorimeter, and M is the molecular mass of the specimen.

The average value of AfU8/T(a) was calculated from the results
of 3 -4 experiments and was then used to calculate the molar
enthalpy of fusion of the crystalline polymer Aftls/T(a = 100%)
from the formula

(o = 100%) (6)

where a is the degree of crystallinity.
In the study of the fusion process by differential scanning and

dynamic calorimetry, the temperatures corresponding to the
maximum apparent heat capacity in the melting range or the
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Table 2. Thermodynamic parametera of the fusion of polylactones.

Polylactone

Polyglycolide
Poly-P-propiolactone
Poly-a,ct-dhnethyl-

P-propiolactone
Poly-P-methyl-

P-propiolactone
Poly-ot,<x-diethyl-

P-propiolactone
Poly-y-butyrolactone
Poly-S-valerolactone
Poly-e-caprolactone
Poly-ri-caprylolactone

Poly-X-laurolactone
Polynonanolactone
Polydecanolactone
Polyundecanolactone
Polydodecanolactone

Polytridecanolactone
Polytetradecanolactone

Polypentadecanolactone

501 ± 1
366 ± 1
513

454

531

338 ± 1
331±2
342 ± 1
354

358
361
363
365 ± 1
366

368 ± 1
369

371 ± 1

A f M# °(o = 100%)
/kJmol-1

11.8±0.5
10.2 ±0.5
14.9

12.6

21.0

13.2±0.3
18.2±0.3
19.0 ±0.3
24.4

28.2
31.9
35.6
38.2 ±0.8
43

46±1.5
51

56±2

Aft,,5°(o = 100%)
/} mol-1 K-'

24±1
29.9 ±1.4
29.0

27.7

40.0

39.4 ±0.6
55±1
55.5±1.1
70

79
88.5
98
105.2
118

125±4
137

151±6

AC;(a = 100%)
/Jmol - 'K- 1

20
35
44

45

-

29
40
38
—

-
-
-
64
—

63
-

87

Method of
determination

DSC
AVC
DSC

DC

DSC

AVC
AVC
AVC
Interpola-
tion

it

n

AVC
Interpola-
tion
AVC
Interpola-
tion
AVC

Ref.

61
63
47,50

8,67

49

75
76
77,78
82

82
82
82
79
82

80
82

81

maximum temperature of the melting range were adopted as
Tfa.69 This is in fact the usual explanation of the discrepancies
between the melting points quoted in different publications for the
same polylactone. Unfortunately the temperatures 7^,, obtained
by differential scanning calorimetry at specific rates of heating of
the calorimeter with the test substance have not been adjusted to
the zero heating rate. The enthalpies of fusion AfUS^T(a) were also
determined in several experiments. The method has been
described, for example, by Lebedev et al.84 The average value of
AfusW(a) obtained was then recalculated as AhaH°(a = 100%) by
Eqn (6).

The entropies of fusion ArusS°(a = 100%) for all the poly-
lactones (Table 2) were found from the enthalpies
Afus#°(a = 100%) and the melting points 7 ^ by the equation

i* = 100%) =
= 100%)

(7)

The heat capacity change ACp (a = 100%) on passing from the
crystalline to the liquid polymer at the melting point was found
graphically. For example, ACp(a = 100%) for polyglycolide is
represented by section CD in Fig. 1.

In conclusion we may note that the results of measurements of
the melting point and enthalpy of fusion of poly-P-propiolactone
by differential scanning calorimetry have been published by
Crescenzi et al.:46 7 ^ = 357 K and AfasH°(a = 100%) =
9.6 kJ mol~'. The enthalpy of fusion agrees satisfactorily with
the value published by Lebedev et al.61 (Table 2), while the
melting point is significantly lower, which is natural since
Lebedev et al.61 calculated the melting point for an ideal defect-
free poly-P-propiolactone crystal. Kort and Glet85 gave the
melting point and the specific enthalpy of fusion for poly-ot-
methyl-a-n-propyl-P-propiolactone as 370 K and 8 J g " 1 , but
there are no data on the degree of crystallinity of the test
specimen. For this reason, it is impossible to calculate
Afua//°(a = 100%) for this polymer.

Kort and Glet85 found that the melting point of poly-y-
butyrolactone is 334-335 K. This also differs slightly from the
temperature quoted in Table 2. The reason for the difference is the
same as in the case of poly-P-propiolactone. Tadokoro et al.86

determined 7^, = 326 K for poly-5-valerolactone, which is 5 K
lower than the corresponding temperature in Table 2. The values
A{uaH°(<x = 100%) = 19 ± 2 kJ mol"1 and 7£s = 336 K have
been obtained78 for poly-E-caprolactone in adiabatic vacuum
calorimetry. The same quantities found by differential scanning
calorimetry46 proved to be AfusiT(a = 100%) = 15.9 kJ mol-1

and r^j = 336 K. The enthalpies of fusion found from the results
of Lebedev et al.77 and Beraty 78 agree, while the value measured
by Crescenzi et al.46 is apparently too low.

We may note that, according to our observations,14 the
decrease in the melting points of polymers (A 75^ = 1% — T\ is
usually between 4 and 10 K, which is much larger than for the
corresponding monomers with approximately the same content of
impurities in the usual sense. In the case of polymers, the end
groups of the macromolecules and crystal defects are also
regarded as impurities.

In conclusion.we shall give a list of the melting points of di-
and tri-alkyl-substituted poly-P-propiolactones published by
Cornibert et al.87 and Thielaut et al.88

Polylactone r ^ , /K

Poly-P-propiolactone 357
Polyot,a-dimethyl-P-propiolactone 513
Poly-a-ethyl-a-methyl-P-propiolactone 398
Poly-a-methyl-o-n-propyl-p-propiolactone 370
Poly-a-isopropyl-a-methyl-P-propiolactone 298
Poly-a-methyl-ot-pentyl-P-propiolactone 327
Poly-a,<x-diethyl-P-propiolactone 531
Poly-a-ethyl-ct-n-propyl-P-propiolactone 478
Poly-a-n-butyl-a-thyl-P-propiolactone 453
Poly-a.a-di-n-propyl-P-propiolactone 530
Poly-a-n-butyl-o-n-propyl-p-propiolactone 500
Poly-a,a-di-n-butyl-p-propiolactone 518
Poly-a,a-dirnethyl-P-methyl-p-propiolactone 458
Poly-P-ethyl-a,<x-dimethyl-p-propiolactone 423
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V. Parameters of vitrification and the vitreous
state
Table 3 presents the parameters of the vitrification and the
vitreous state of polylactones obtained from the results of
calorimetric measurements by adiabatic vacuum and differential
scanning calorimetry; the glass transition temperatures of a series
of polylactones have been found by the torsional pendulum (TP)
method.91 The temperature of the onset of the devitrification of
polylactones in partly crystalline states is distinctly manifested on
the temperature variations of Cp (see, for example, Figs 1 and 2).
However, the end of the devitrification process is in most cases
masked by the incipient partial fusion of polylactones and it is
therefore difficult to determine the temperature at which devitri-
fication comes to an end. Nevertheless, one may conclude that
polylactones are devitrified in the range from 20 K (for example,
in the case of poly-a,ot-dimethyl-p"-propiolactone 50) to 60 K (for
polyundecanolactone 79). The glass transition temperature 7£ is
usually close to the average temperature of the vitrification range,
but can be determined more accurately from the point of inflection
in the C° - Tand S°(T)- Tplots.92

We may note that, since vitrification is a relaxation process,14

it follows that in the vitrification temperature range the relaxation
time of the conformational motions of the segments is of the same
order of magnitude as the duration of the experiment (the time
required to supply energy to the system). The results of the
determination of T° therefore depend on the rate at which
measurements are made and on the method of the preliminary
heat treatment of the polymers (for example, quenching and
annealing). The glass transition temperature of poly-P-propiolac-
tone has been found as 245 ± 2 K by the torsional pendulum
method,90 which is slightly below the value obtained by the AVC
method (Table 3). For a rapidly cooled specimen of poly-a,ot-
dimethyl-p-propiolactone, T£ = 259.8 K,50 while for a specimen
with a degree of crystallinity of 79% it amounts to 267.8 K. The
following values of Tt have been found for poly-e-caprolactone by
different investigators using the torsional pendulum method:
202 K,89 209 K,92 and 218 K.93 The lowest value of rg° corre-
sponds to the fully amorphous polymer specimen and the highest
to the specimen with the highest degree of crystallinity.

Thus an increase in the degree of crystallinity leads to an
increase in T"g. This can apparently be explained by the effect of

the reinforcement of the amorphous component of the polymer by
crystals, which hinder the excitation of the motion of the segments
of the macromolecules on devitrification.71 As a result of this, the
devitrification of partially crystalline polymers occurs at higher
temperatures, in contrast to amorphous polymers in which there is
no reinforcement effect.

The increase in heat capacity on devitrification of the fully
amorphous polymer at the glass transition temperature has been
found graphically (Table 3). For example, Cp(7£) for poly-P-
propiolactone is represented by section DB in Fig. 2. The
justification of the validity of the extrapolation of the heat
capacity, presented, for example, in Fig. 2, has been described in
detail.29 The difference between the enthalpies of the polymer in
the vitreous and crystalline states and the zero-point (residual)
entropies of the polymers in the vitreous state at 0 K have been
calculated by the equations u-29> M

|- J5&(0) = | [Cp(cr) - Cp(a)]dr+ Afi]t/T(a = 100%), (8)

(9)= j [Cj(cr) - Cp(a)]dlnr+ A^S^a = 100%),

where Cp (a) and Cp (cr) are respectively the temperature functions
of the heat capacity of the polymer in the vitreous or highly elastic
amorphous (a = 0) and crystalline (a = 100%) states (see sections
ABDE and ABC respectively in Fig. 2); AfmH°(a = 100%) and
AfusS°(a = 100%) are the enthalpy and entropy of fusion of the
crystalline polymer.

The enthalpies, entropies, and Gibbs free energies of poly-
glycolide, poly-P-propiolactone, and poly-e-caprolactone in the
amorphous and crystalline states have been calculated for the
range 0 - T^,.'3-M-77 It was postulated that the difference between
the Gibbs free energies is an absolute measure of the metastability
of the polymer in the amorphous state in relation to its crystalline
state. As an example, Fig. 6 presents typical temperature depend-
ences of the above quantities in the range 0 - 7 ^ for poly-e-
caprolactone.77 Evidently the absolute enthalpy and entropy
increase with increasing temperature, while the Gibbs free energy
diminishes and becomes zero at T?m.

Table 3. Parameters of the vitrification and of the vitreous state of polylactones.

Polylactone

Polyglycolide
Poly-fJ-propiolactone
Poly-a,ct-dimethyl-

P-propiolactone
Poly-y-butyrolactone
Poly-8-valerolactone
Poly-e-caprolactone
Poly-y-methyl-

s-caprolactone
Poly-e-methyl-

e-caprolactone
Poly-a,e-dimethyl-

E-caprolactone
Poly-T|-caprolactone
Poly-X-laurolactone
Polyundecanolactone
Polydodecanolactone
Polytridecanolactone
Polypentadecanolactone

Tl/K

318
249
260

214
207
209
220

233

240

228
235
227
248
229
251

ACP(r°)
/J K- ' mol"1

16
53
39

58
65
60
-

—

—

—
—

Il l
—
146
167

/kJmol-1

5.9
4.9
—

7.9
11.7
12.5
-

—

—

—
—
27
-
31
41

S'g(0)

/ JK- 'mol- 1

10
10
16

19
30
31
—

-

—

—
—
66
-
75

100

Method

AVC
AVC
DSC

AVC
AVC
AVC

TP

TP

TP

TP
TP
AVC
TP
AVC
AVC

Ref.

61
63
50

75
76
77,78
89

89

89

90
90
86
80
89
81
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Figure 6. The enthalpies (7), entropies (2), and Gibbs free energies (5) of
amorphous and crystalline poly-e-caprolactone in the range from 0 K to
the melting point.77

VI. Thermodynamic functions
The thermodynamic functions of polylactones were calculated for
the range from 10-14 to 350-550 K (largely with an error of
0.2% -0.3%) from the results of the study of their heat capacities
in adiabatic vacuum calorimeters: the enthalpy H°(T)-H°(0), the
entropy S°(T), and the Gibbs free energy G°(T)-H°(0); the
smoothed heat capacities C£(T) were found (Table 4). For the
range 0 - 1 4 K , the C° were obtained by extrapolating the
experimental data in terms of the Debye heat capacity formula

cxn-*Di% (10)

where D is the symbol of the Debye heat capacity and n and 0D are
special parameters chosen so that Eqn (10) describes the values of
Cp in the range from 14 to 20-25 K with an error not exceeding
0.5% -1.0%. It was assumed that at T < 14 K it reproduces Cp
with approximately the same error. For example, n = 3 and
Bo = 93.1 in Eqn (10) for poly-e-caprolactone.77 For the same
parameters, the equation describes the experimental Cp for the
polymer in the range 14-20 K with an error within the limits of
1%.

The thermodynamic functions were calculated from the
equations

H°(T)-H°(0) = LjCp°(r)dr + AfmH°(ai = 100%), (11)

S°(T) = 5g°(0) + SjCp°(r)dlnr + Afus5°(a = 100%) , (12)

G°(T)-H°(0) = [H°(T)-H°(0)]-TS°(T) , (13)

where Cp(7) is the temperature dependence of the heat capacity of
polylactones in the given physical state: vitreous, crystalline,
highly elastic, and liquid. The values of Cp(T) were determined
from the experimental measurements of the heat capacity of partly
crystalline polylactones. The corresponding method has already
been published.29 In the calculation of the absolute entropies of
the polymers, account was taken of the zero-point entropies S|(0)
(Table 3).

The heat capacities and thermodynamic functions of poly-
lactones with any degree of crystallinity a. can be readily calculated
from the numerical values of such functions for the polylactones in
the crystalline and amorphous states. This calculation is correct
because all the properties listed can be regarded as additive
functions of the degree of crystallinity at the specified tempera-
ture and pressure. Having designated the property by X, we obtain

X(<x) = X(<x = 1) + [X(a = 0)-X(a - 1)](1 - a ) , (14)

where a is expressed as a fraction.

VII. Thermochemical characteristics
Table 5 presents the enthalpies of combustion (A^ff") and forma-
tion (Afff°), the entropies ApS" and the Gibbs free energies AfG°
of formation of polylactones in the crystalline and amorphous
states at 298.15 K and standard pressure, as well as the logarithms
of the thermodynamic equilibrium constants of the formation
reactions of these compounds from the simple substances in their
standard states. For all the compounds listed in Table 5, except
poly-{5-propiolactone and poly-e-caprolactone, the combustion
energies Acl/°(a) were measured. The values of AcU°(a), adjusted
to the standard pressure [Ac(/°(a)], were used to calculate the
enthalpies of combustion at the standard pressure Ac/?"(a). The
enthalpies of combustion of the polymers in the crystalline and
amorphous (vitreous or highly elastic) states were calculated by
the equations

Ac#°(cr) = Ao#°(a) + (1 -a)A fus#"(298.15K) , (15)

Ac#°(a) = Ac/7°(<x)-aAfus#°(298.15 K ) , (16)

where Ac/f°(a) is the enthalpy of combustion of the polymer with
a degree of crystallinity a and AfU*ff°(298.15 K) is the molar
enthalpy of fusion of the fully crystalline polymer at 298.15 K.
The latter quantity is hypothetical and it was calculated,using the
molar enthalpy of fusion of the crystalline polymer at 7 ^ and the
temperature variations of the heat capacities for the polymer in the
crystalline and amorphous states, by the Kirchhoff equation15

Afus#°(298.15K): (17)
298.15K

[Cp°(a) - Cp°(cr)]d7\

This equation may be employed because the calculations relate to
a constant (standard) pressure.

The quantities Ac/f°(cr) and Acif°(a) for poly-P-propiolac-
tone and poly-e-caprolactone were calculated from their enthal-
pies of formation, which were in their turn evaluated from the
enthalpies of the polymerisation of the corresponding monomers
to the crystalline and amorphous polymers and the enthalpies of
formation of the monomers.

The enthalpies and entropies of formation of the polylactones
were calculated from AcH°(ci), A&ff°(a), the enthalpies of forma-
tion of liquid water and gaseous carbon dioxide, the absolute
entropies of the polymers in crystalline and amorphous states
(Table 4), and the entropies of carbon in the form of graphite and
gaseous hydrogen and oxygen at T= 298.15 K and
p = 101.325 kPa. The Gibbs free energies of formation of the
polymers were found from the formula

AfG° = Afff°-298.15AfS° (18)

The logarithms of the thermodynamic equilibrium constants of
the formation reactions of the polylactones from the simple
substances were calculated from the AfG°:

-AGf
c

2.303.R 298.15'
(19)

Any thermochemical parameter of a polylactone with any
degree of crystallinity may be determined by Eqn (14) using the
thermochemical characteristics (Table 5). The additivity of the
properties of partly crystalline polymers is a consequence of the
fact that they are heterogeneous (microheterogeneous) systems.

We may note in conclusion that Hall40 measured in three
experiments the energy of combustion of partly crystalline poly-
a,a-dimethyl-P-propiolactone (polypivalolactone) and calculated
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Table 4. Thennodynamic functions of polylactones.

r/K c;m

PolyglycoBde61-82

Crystalline state
5
10
15
20
25
50

100
200
298.15
400
501

0.100
0.7735
2.184
3.973
5.960

16.04
30.47
48.22
65.15
82.60
99.85

Liquid state
501
550

120.0
121.8

Vitreous state
10
15
25
50

100
200
298.15
318

0.7735
2.184
5.960

16.04
30.47
48.22
65.15
68.55

Highly elastic state
350
400
501

114.2
116.0
120.0

0.00010
0.00195
0.00921
0.02450
0.04933
0.3324
1.529
5.495

11.06
18.59
27.80

39.10
45.02

0.00195
0.00921
0.04933
0.3324
1.529
5.495

11.06
22.36

16.03
21.78
33.74

Poly-pVpropiolactone 6 3

Crystalline state
10
20
30
40
50

100
150
200
250
298.15
366

1.39
5.65

11.20
16.56
21.22
40.13
52.84
65.29
77.15
89.74

106.6
Liquid state
366
400

142.0
154.0

Vitreous state
10
20
30
50

100
150
200
245

1.39
5.65

11.20
21.22
40.13
52.84
65.29
76.50

Highly elastic state
298.15
366

134.8
142.0

0.00352
0.0375
0.1212
0.2608
0.4507
2.018
4.345
7.300

10.88
14.91
21.57

31.77
36.75

0.00352
0.0375
0.1212
0.4507
2.018
4.345
7.300

10.49

17.51
26.90

Poly-p-methyl-p-propiolactone 67

Crystalline state
5
10
15
20
25
50

100

0.2294
1.720
4.487
7.937

11.45
26.24
47.23

0.0003
0.00447
0.0198
0.0507
0.0995
0.5783
2.447

S°(T)

0.024
0.253
0.824
1.691
2.791

10.23
26.43
53.05
75.45
97.00

117.5

140.1
151.3

9
10
12
19
35
62
84
88

99
115
140

0.473
2.66
5.98
9.96

14.17
35.15
53.85
70.77
86.67

101.4
121.5

149.3
162.3

10.5
12.7
16.0
24.2
45.2
63.9
80.8
95.1

111.0
149.3

0.0787
0.6010
1.805
3.560
5.720

18.41
43.50

G°(T)-H°(0)

0.000017
0.00058
0.00315
0.00932
0.02044
0.1790
1.094
5.110

11.43
20.22
31.06

31.06
38.20

0.0875
0.134
0.238
0.595
1.92
6.80

14.0
15.6

18.7
24.0
36.5

0.00121
0.0157
0.0581
0.1374
0.2580
1.497
3.732
7.853

10.79
15.32
22.88

22.88
28.18

0.102
0.217
0.358
0.758
2.497
5.234
8.854

12.81

15.58
27.74

0.0001
0.0015
0.0727
0.0205
0.0436
0.3420
1.901

r/K CUD

Crystalline state
200
298.15
400
454

77.83
110.8
146.9
166.0

Liquid state
454
500

210.9
234.2

Poly-r-bntyrolactone «•
Crystalline state

5
10
15
20
25
30
50

100
150
200
250
298.15
337.5

0.19
1.47
4.38
7.87

11.57
15.30
28.41
51.76
68.48
84.70

101.3
117.9
130.3

Liquid state
337.5
345

159.3
161.0

Vitreous state
5

10
15
20
30
50

100
150
214

0.19
1.47
4.38
7.87

15.30
29.41
51.76
68.48
89.30

Highly elastic state
250
298.15
337.5

150.8
155.5
159.3

Poly-8-valerolactone 76

Crystalline state
5

10
15
20
25
30
50

100
150
200
250
298.15
331

0.19
1.51
4.38
8.00

12.05
16.33
32.16
61.11
80.91
99.64

118.3
136.3
148.6

Liquid state
331
350

188.9
192.2

Vitreous state
5

10
15
20
30
50

0.19
1.51
4.38
8.00

16.33
32.16

H°(T)-H°(0)

11.67
17.67
31.12
39.57

52.18
62.37
82

0.00024
0.00376
0.0181
0.0487
0.0973
0.1645
0.6062
2.660
5.679
9.505

14.15
19.63
24.29

37.56
38.75

0.00024
0.00376
0.0181
0.0487
0.1645
0.6062
2.660
5.679

10.76

16.13
23.50
29.70

0.00024
0.00386
0.0182
0.0489
0.0989
0.1698
0.6598
3.062
6.629

11.14
16.59
22.72
27.40

45.60
49.22

0.00024
0.00386
0.0182
0.0489
0.1698
0.6598

S°(T)

86.23
123.1
160.9
180.7

208.4
229.8

0.062
0.501
1.63
3.37
5.52
7.96

18.95
46.50
70.75
92.64

113.3
133.4
147.8

187.1
190.7

18.7
19.1
20.4
21.7
26.8
37.8
65.4
89.6

117.6

140.6
167.6
187.1

0.060
0.503
1.622
3.368
5.578
8.154

20.32
52.47
81.13

107.0
131.2
153.6
168.5

223.5
234.1

29.8
30.3
31.4
33.2
38.0
50.1

BVLebedev

G°(T)-H°(0)

8.460
18.73
33.23
42.47

42.47
52.53

0.00007
0.00125
0.00629
0.0186
0.0407
0.0743
0.3416
1.990
4.934
9.024

14.18
20.34
25.61

25.61
27.03

0.094
0.187
0.288
0.385
0.638
1.281
3.871
7.753

14.38

19.00
26.47
33.45

0.00006
0.00117
0.00613
0.01846
0.04060
0.07479
0.3564
2.186
5.541

10.25
16.21
23.08
28.37

28.37
32.72

0.149
0.299
0.453
0.615
0.970
1.845
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Table 4 (continued).

r/K

Poly-S-vakrolactone
Vitreous state
100
150
207

61.11
80.91

102.3
Highly elastic state
250
298.15
331

174.8
183.2
188.9

H°(T)-H°{Q)

76

3.062
6.629

11.85

19.20
27.82
33.93

Poly-e-caprolactone 77

Crystalline state
10
20
30
40
50

100
150
200
250
298.15
342

2.42
10.72
20.66
30.17
37.95
71.14
94.19

116.9
139.7
161.6
181.5

Liquid state
342
350

219.3
221.6

Vitreous state
10
20
30
40
50

100
150
200
209

2.42
10.72
20.66
30.17
37.95
71.14
94.19

116.9
121.0

Highly elastic state
250
298.15
342

192.5
206.5
219.3

Polynndecanolactone
Crystalline state

5
10
15
20
25
30
40
50

100
150
200
250
298.15
365

0.42
3.38
8.51

14.81
22.33
29.93
45.56
60.18

117.8
158.9
199.7
240.2
279.7
333.8

Liquid state
365
400

387.5
401.5

Vitreous state
10
20
30
50

100
150

3.38
14.81
29.93
60.18

117.8
158.9

0.0060
0.0690
0.2246
0.4811
0.8216
3.611
7.750

13.03
19.44
26.70
34.22

53.22
54.98

0.0060
0.0690
0.2246
0.4811
0.8216
3.611
7.750

13.03
14.10

21.74
31.35
40.68

79,82

0.00053
0.0083
0.0374
0.0950
0.1876
0.3179
0.6953
1.225
5.803

12.74
21.70
32.70
45.22
65.72

103.9
117.7

0.0083
0.0950
0.3179
1.225
5.803

12.74

82.3
110.9
140.3

172.5
204.0
223.5

0.79
4.82

10.99
18.31
25.87
63.20
96.45

126.7
155.2
181.7
205.2

260.8
265.9

31.8
35.8
42.0
49.3
56.9
94.2

127.5
157.7
162.9

196.3
231.4
260.8

0.138
1.11
3.39
6.66

10.76
15.49
26.24
38.00
99.18

154.9
206.2
255.1
300.8
362.6

467.3
503.4

67
73
81

104
165
221

G°(T)-Ha(0)

5.168
10.00
17.19

23.93
33.0
40.02

0.0019
0.0274
0.1052
0.2512
0.4721
2.709
6.718

12.31
19.36
27.47
35.96

35.96
38.09

0.312
0.647
1.04
1.49
2.02
5.81

11.38
18.51
19.95

27.34
37.64
48.45

250

0.00016
0.0027
0.135
0.0382
0.0814
0.1468
0.3543
0.6749
4.115

10.49
19.53
31.07
44.46
66.64

66.64
83.66

0.66
1.37
2.11
3.98

10.7
20.4

7"/K C°P(T)

Vitreous state
200
227

199.7
221.6

Highly elastic state
250
298.15
365

341.4
360.7
387.5

Polytridecanolactone
Crystalline state

5
10
15
20
25
30
40
50

100
150
200
250
298.15
368

0.37
3.30
9.62

17.36
25.98
35.26
53.21
70.45

137.2
185.6
234.1
282.6
329.3
397.1

Liquid state
368 459.7
Vitreous state

5
10
15
20
25
30
50

100
150
200
229

0.37
3.30
9.62

17.36
25.98
35.26
70.45

137.2
185.6
234.1
262.4

Highly elastic state
416.0
298.15
368

41.21
433.9
459.7

H°(T)-H°(0)

21.70
27.39

35.14
52.04
77.05

,80

0.00032
0.0082
0.0402
0.1073
0.2156
0.3679
0.8098
1.430
6.781

14.87
25.36
38.28
53.01
78.38

124.4

0.00032
0.0082
0.0302
0.1073
0.2156
0.3679
1.430
6.781

14.87
25.36
32.56

384
61.67
92.87

Polypentadecanolactone 81

Crystalline state
5

10
15
20
25
30
40
50

100
150
200
250
298.15
370

0.46
3.47

10.07
18.48
28.29
38.89
59.66
79.33

157.2
210.8
264.5
317.8
369.2
446.2

Liquid state
370 533.1
Vitreous state

5
10
15
20

0.46
3.47

10.07
18.48

0.00057
0.0091
0.0429
0.1136
0.2298
0.3979
0.8925
1.587
7.690

16.94
28.81
43.37
59.91
89.36

145.4

0.00057
0.0091
0.0429
0.1136

S°(T)

272
299

331
393
467

0.074
1.05
3.55
7.36

12.16
17.68
30.27
44.05

115.6
180.5
240.6
298.0
351.8
428.0

553.0

75
76
78
81
86
92

118
190
255
315
348

54.8
459
553

0.148
1.21
3.86
7.86

13.01
19.11
33.19
48.62

130.1
204.4
272.3
337.1
397.4
485.6

637

100
101
104
108

32.7
40.5

47.6
65.1
93.4

0.00005
0.0023
0.0131
0.0399
0.0884
0.1625
0.4010
0.7725
4.779

12.21
22.76
36.22
51.88
79.11

79.11

0.37
0.75
1.13
1.52
1.94
2.38
4.48

12.2
23.3
37.6
47.1

75.2
111

0.00017
0.0030
0.0150
0.0437
0.0954
0.1753
0.4352
0.8434
5.320

13.72
25.65
40.96
58.57
90.50

90.50

0.50
1.00
1.52
2.05
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Table 4 (continued).

TPL CUT) H {Tf—a '(0) s°(T) G°(T)-H°(0) r/K c\{X) H°(T)-H°(0)

B V Lebedev

Polypratadff snolscton?
Vitreous state
30
50

100
150
200
250

38.89
79.33

157.2
210.8
264.5
317.8

0.3979
1.587
7.690

16.94
28.81
43.37

119
149
230
304
372
437

3.17
5.86

15.3
28.7
45.6
65.9

Highly elastic state
251 486.9 43.68
298.15 504.9 67.07
370 533.1 104.5

438
524
637

66.3
89.2

131.4

Note. The thennodynamic functions quoted have the following dimensions: C£(7) and S°(T) — J mol"1 K"1; H°(T)-H°(0) and G°(T)-H°(T) —
kJmol-1 .

Table 5. The enthalpies of combustion and thennochemical parameters of the formation of polylactones at T= 298.15 Kandp = 101.325 kPa per mole
of the repeat unit in the polymers.

Polymer Physical state*
/kJ mol-

-AtH°
/kJmol-1

-AtS°
/Jmol-'K-'

-AfG°
/kJmol-1

Ref.

Polyglycoude

Poly-P-propio-
lactone

Poly-P-methyl-
fj-propiolactone

Poly-Y-butyro-
lactone

Poly-s-capro-
lactone

Polyundecano-
lactone

Polytridecano-
lactone

Polypentadecano-
lactone

cr
g
cr
h.e
cr
g
cr
h.e
cr
h.e
cr
h.e
cr
h.e
cr
h.e

705.7 ±0.8
717.5±0.8
1340.2 ±4.0
1347.2 ±4.0
2003.2 ±0.8
2010.6 ±0.8
2002.4 ±0.9
2014.3 ±0.9
3313.9 ±2.4
3328.4 ±2.2
6539.4 ±3.3
6573.3 ±3.3
7857.1 ±4.0
7897.2 ±5.0
9157.0 ±6.7
9206.1 ±7.7

367.2 ±0.8
355.6 ±1.3
412 ±4.0
405 ±4.0
428.3 ±0.8
421.0 ±0.8
429.0 ±1.2
417.1 ±1.2
476.3 ±2.4
461.8 ±2.4
648.0 ±3.3
613.8±3.3
689.0 ±4.0
649.1 ±5.0
747.3 ±6.7
698.2 ±7.7

271.6 ±0.5
263.1 ±1.5
382.0 ±1.0
372.4 ±1.3
496.3 ±1
482.3 ±1
486.2 ±0.5
452.0 ±1.2
710.4±1.3
660.7 ±1.5
1U7±3
1024 ±4
1494 ±4
1387 ±6
1721 ±3
1590±4

286.2 ±1.0
277.1 ±1.7
298.0 ±4.0
294.0 ±4.2
280.3 ±1.1
277.2±1.1
284.0 ±1.4
282.2 ±1.6
264.5 ±2.8
264.8 ±2.6
315.0 ±3.9
308.5 ±4.4
243.7 ±5.2
235.7 ±7.8
234.2 ±3.9
224.1 ±8.9

50.33
48.73
52.20
51.50
49.16
48.62
49.81
49.50
46.39
46.45
55.25
54.11
42.75
41.34
41.08
39.31

a The following designations for the states of the polymers have been adopted: cr—crystalline, g — vitreous (glassy), h.e. — highly elastic.

36,61

36,63

36,67

36,75

36,76

36,79

36,89
36,81

from the results its enthalpy of combustion as AcH°(«) =
—2631.7 kJ mol"1. The degree of crystallinity was unknown.

Andruzzi41 measured the combustion energies of five speci-
mens of polyoxacarbonyl-1,4-cyclohexylene with different molec-
ular masses — from 2.1 x 103 to 1 x 106. All the specimens
investigated were partly crystalline. The number of combustion
experiments was IS. Calculation of the enthalpy of combustion
showed that AcH°(<x) at T = 298.15 K varies from - 3686.9 ±7.6
to —3700.3 ±9.0 kJ mol"1. The authors believe that the reason
for the differences is different degrees of crystallinity of the test
specimens and also the different contents of the cis- and trans-
units in the polymer. The results of the determination of AcH"(a.)
obtained by Hall40 and Andruzzi41 can be regarded only as
estimates.

processes liquid monomer -* partly crystalline polymer, i.e.
^poiH°(\;p.cx). The values obtained were used to calculate the
enthalpies of polymerisation for the processes liquid mono-
mer -+ crystalline or amorphous (vitreous or highly elastic)
polymer. The calculations were performed using the equations13

[Cp°(p.cr)- -Cp°(cr)]dr- (20)

ApoiH°(l;p.cr) + J [Cp°(p.cr)-Cp°(a)]dr- (21)

. Thennodynamic parameters of the
polymerisation reactions of lactones
The enthalpies of the polymerisation of p-propiolactone,39

8-valeroIactone,76 and e- caprolactone77 were measured directly
in calorimeters;58-94 those of glycolide,61-95 ct.a-dimethyl-P-pro-
piolactone,40 Y-butyrolactone,75 2-oxabicyclo[2.2.2]octan-3-
one,41 undecanolactone,79 tridecanolactone,80 and pentadecano-
lactone81 were calculated from the experimental enthalpies of
combustion of the monomers and polymers. In all cases, the
polylactones were partly crystalline, so that the enthalpies of
polymerisation were obtained from experimental data for the

where T is the temperature at which the enthalpy of polymer-
isation was determined experimentally and the calculation was
performed; in those cases where the enthalpies of polymerisation
were determined from the enthalpies of combustion the tempera-
ture was T = 298.15 K, whereas in the direct measurements in the
calorimeter T w 350 K. The enthalpy of fusion of the polylactone
Afu»ffo(7) at the temperature of the determination of the enthalpy
of polymerisation was calculated by Eqn (17).

For other temperatures, the ApoiH" were calculated from the
Kirchhoff formula (Table 6):
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Table 6. The enthalpies (kj mol"1), entropies (J mol~' K""1), and Gibbs free energies (kj mol~'), of the polymerisation of lactones in bulk with
formation of polylactones (p = 101.325 kPa).

r/K Physical states
of monomer and
polymer*

r,K Physical states
of monomer and
polymer"

Glycolide -* polygtycolide61

0

200

298.15

350

500

550

crlljcr
crll;g
crlljcr
crll;g
crlljcr
crll;g
crljcr
crljh.e
ljcr
l;h.e
l;l

$-Propiolactone -t
0

100

200

298.15

400

crjcr
cr;g
cr;cr
cr;g
crjcr
cr;g
l;cr
l;h.e
l;l

16.7
5.1

16.9
5.3

17.0
5.4

17.7
4.5

27.8
10.3
15.7

• poly-fi-propiolactone 63

68
63
69
64
70
65
82
75
74

a.,u-Dimethyl-$-propiolactone -*

298.15

0
- 8 . 4

2.7
- 5 . 8

3.2
- 5 . 3

5.2
- 8 . 0
32.5
9.0
8.8

0
- 1 0

17
7

24
14
74
54
51

-» poly-a,tx-dimethyl-$-propiolacton ^ **
l;p.cr

y-Butyrolactone ->
0

100

200

298.15

350
400

cr;cr
cr;g
cr;cr
cr;g
cr;cr
cr;g
l;cr
l;h.e
i;i
gas;l

S-Valerolactone ->
0

100

200

298.15
350

crlVjcr
crIVjg
crlVjcr
crIVjg
crlljcr
crlljg
ljcr
l;h.e
U

84
• poly-y-butyrolactone 7S

- 6 . 5
- 1 4

- 6
- 1 4

- 5
- 1 3

7
- 5
- 6
28

• poly-h-valerolactone 7S

12.5
1

13
1.5

14.5
3

27.5
10.5
10

74

0
- 1 9

9
- 1 0

13
- 6
65
30
29

118

0
- 3 0

- 6
- 2 4

17
- 1 3

65
15
13

16.7
5.1

16.4
6.5

16.1
6.9

15.8
7.3

11.5
5.8

10.9

68
63
67
63
65
62
60
59
54

62

- 6 . 5
- 1 4
- 7

- 1 3
- 7 . 5

- 1 2
- 1 3
- 1 4
- 1 6
- 1 9

12.5
1

13.5
4

11
5.5
8
6
5.5

2-Oxabicycla[2.2.2]octan-3-one -*
-• poly-2-oxabicyclo[2.2.2]octan-3-one 4I

298.15 crjcr 21
l;cr

z-Caprolactone
0

100

200

crjcr
crjg
crjcr
crjg
crjcr
crjg

35
-» poly-e-caprotactone 77

17
7

17
7

16
7

76

0
- 3 1

1
- 3 0

- 1
- 3 2

12

17
7

17
10
16
13

E-Caprolactone -* poly-z-caprolactone 77

298.15 ljcr 31
l;h.e 17

350 1;1 13.7
(,-Oenantholactone -* poly-^-oenantholactone 96

400 ljl 16
xyCaprylolactone -» poly-i\-caprylolactone "
298.15 ljcr 37

l;h.e 19
400 ljl 16
X-Laurolactone -• poly-X-laurolactone96

298.15 ljcr 43
l;h.e 21

400 ljl 19
Nonanolactone -> polynonanolactone %

400 ljl 22
Decanolactone -* polydecanolactone96

400 ljl 24
Undecanolactone -> polyundecanolactone13

0 crlljcr 43
crlljg 16

100 crlljcr 42
crlljg 16

200 crlljcr 42
crlljg 15

298.15 ljcr 62
l;h.e 28

400 ljl 27
Dodecanolactone -* polydodecanolactone 96

400 ljl 17
Tridecanolactone -* polytridecanolactone m

0 crlljcr 22
crlljg - 9

100 crlljcr 22
crlljg - 9

200 crlljcr 20
crlljg - 1 0

298.15 crljcr 38
crl;h.e - 2

400 ljl 6
Tetradecanolactone -» polytetradecanolactone 96

400 ljl 2
Pentadecanolactone -» polypentadecanolactone 81

0 crljcr 31
crlljcr 14
crlljg - 3 5

100 crljcr 31
crlljcr - 3 7
crlljg 36

200 crljcr 31
crlljcr 12
crlljg - 3 7

298.15 crljcr 39
crl;h.e - 1 0

400 ljl - 2
Hexadecanolactone -* polyhexadecanolactone96

400 ljl 0

54
4
8

15
16
11

- 1 2

- 1 8

- 2 5

- 2 6

-21

16

60
- 2

1

61
- 7
- 5

19
20
16

25
23
21

27

31

0
- 6 7

2
- 6 4

- 5
- 7 1

69
- 2 4
- 2 5

43
16
42
22
43
29
41
35
37

27

0
- 7 4

- 1
- 7 5

- 9
- 8 3

50
-57
- 2 6

22
- 9
22

- 2
22

7
23
15
17

12

49
0

•100
54

•109
- 9 9

55
- 1 0
-109

86
- 4 1
- 2 3

31
14

- 3 5
26

- 1 5
- 3 0

20
14

- 1 5
13
2
8

a The following designations of the states of the reactants have been adopted: cr — crystalline, g — vitreous (glassy), h.e. — highly elastic, 1 — liquid,
gas — gaseous, crl, crll, crlV — different crystalline modifications, p.cr — partly crystalline.
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(r) =
= ApoiJy°(298.15 or 350 K) + A[H°(T)-

(22)

where A[H"(T) - H°(0)] is the difference between the enthalpies of
heating the monomer and the polymer, which may be calculated
from the data in Table 4.

We may note the characteristic features of the experimental
determinations of the enthalpies of the polymerisation of
(3-propiolactone, <x,a-dimethyl-p-propiolactone, and 2-oxabi-
cyclo[2.2.2]octan-3-one. The enthalpy of the bulk polymerisation
of (3-propiolactone was measured by Sunner and coworkers39 in a
Calvet calorimeter94 in seven experiments at T= 298.15 K.
Apoi^°(a)=-80±3.8 kJmol-1 was found. The degree of
crystallinity was not determined , but it was possible to measure
the enthalpy of fusion of the crystalline component of the polymer
as AfUS#°(a) = 7.5kJmol-' . Using the value of Afus#°
(a = 100%) (Table 2), Evstropov et al.63 estimated the degree of
crystallinity as 75%. This made it possible in its turn to calculate
the enthalpy of the polymerisation of P-propiolactone to crystal-
line and amorphous poly-P-propiolactone63 (Table 6).

The enthalpy of the polymerisation of a,a-dimethyl-P-propio-
lactone to poly-a,a-dimethyl-P-propiolactone at T= 298.15 K
was found by Hall:40 Apoi#°0;p.cr) = - 8 4 k J m o l - 1 . It was
calculated using the results of the determinations of the enthal-
pies of combustion of the monomer and the polymer. In order to
determine AcH° for the monomer, four experiments were per-
formed, while in the case of the polymer three experiments were
carried out. The purity of the monomer specimen was 99%; the
polymer was not characterised and it is only known that it was
partly crystalline. From this it follows that the value of Apoi.ff

o

obtained must be regarded only as an estimate.
Andruzzi41 gives Apoi/T(cr;cr) = -20.9±2.3 kJ mol"1 for

the polymerisation of 2-oxabicyclo[2.2.2]octan-3-one to poly-2-
oxabicyclo-l,4-cyclohexylene at T — 298.15 K. It was obtained
from the enthalpies of combustion of the monomer and the
polymer. The enthalpy of combustion of the monomer was
measured in five experiments and that of the polymer in fifteen
experiments. A polymer with Ma from 2.1 x 103 to 1 x 106 was
used. Analysis of the products of the combustion of the monomer
and the polymer showed that the CO2 content was
99.50mass% -99.72 mass% relative to the theoretical amount.
For the monomer in the crystalline state, AJI0 =
- 3717.5 ± 1.3 kJmol-1 while for the polymer AcH"(a) =
-3686.9±7.6 to -3700±9.8kJmol-' The reasons for the
differences between the enthalpies of combustion of the polymer
are probably different degrees of crystallinity and also different
contents of the cis- and trans-units in the macromolecules.
Andruzzi41 attempted to measure Apoi-ff0 directly in the calori-
meter, but did not succeed because of the unduly low rate of the
polymerisation process. Furthermore, he estimated J^H°(l;cr) as
—76 ± 10 kJ mol"1. Clearly the value of Apoi/?° quoted must be
regarded as an approximate estimate.

The entropies of the polymerisation reactions of the lactones
(Table 6) were calculated from the entropies of the reactants
(Table 4):

°(T) = S °(M) - S °(P), (23)

where S°(M) and S°(P) are the absolute entropies of the monomer
and the polymer respectively at a temperature T.

The Gibbs free energies of the processes were calculated from
a ApoiH'CT) and ApoiS°(T) by the formula

(24)

The equilibrium concentration of the monomer [M]e° in the
reaction mixture at thermodynamic equilibrium may be deter-
mined from the standard Gibbs free energy:

(25)

while the equilibrium concentration of the polymer in the same
mixture may be found from the formula

1 Je * RT '

Table 7 presents the limiting polymerisation temperatures of
lactones, mainly for the liquid monomer -» liquid polymer proc-
esses. They were estimated graphically from the point of inter-
section of the ApOi#o = f(7) and TApoiS" = f(7) relations14-18 or
by Dainton's method.18

Table 7. The upper limiting polymerisation temperatures of lactones in
bulk under standard pressure.

Lactone

Glycolide
P-Propiolactone
<x,a-Dimethyl-

p-propiolactone
8-Valerolactone
E-Caprolactone

1800
1450
1135

760
900

Method of
determination*

D
D
D

G
G

Ref.

61
63
This
work
76
77

"The following designations have been adopted: D — Dainton's method,
G — graphical method.

IX. The regularities and characteristics of the
thermodynamic properties of polylactones and of
the parameters of the polymerisation reactions of
lactones
1. Thermodynamic parameters of fusion
Figure 7 presents the dependences of the melting points and the
enthalpies and entropies of fusion of polylactones on the compo-
sition of the monomer repeat units, each of which has one
methylene group more than the preceding one.96 Evidently 7%,

^ K - 1 /kJmol- '

150

100

50

14

Figure 7. Dependence of the thermodynamic parameters of fusion of
polylactones on the number of atoms and atomic groups in the monomer
repeat unit of the polymer.96

(1) Melting point; (2) enthalpy of fusion; (5) entropy of fusion.
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initially decreases rapidly from 501 K for polyglycolide to 331 K
for poly-8-valerolactone and then slowly increases to 371 K for
polypentadecanolactone. On further increase in the number of
CH2 groups in the monomer repeat unit in polylactone, 7JJ,, would
apparently increase, tending in the limit to 1%, for polyethylene
(405 K).97

Thielaut et al.88 investigated the influence of the composition
and structure of the alkyl substituents on the melting points of di-
and tri-alkyl-substituted poly-p-propiolactones. Qualitative
examination of the results showed that polymers having a more
symmetrical structure also have higher melting points; polyesters
with the same substituents at the oc-carbon atom have the highest
Tfa. The dependences of AfUS//° and AfU,S° on n are linear and are
described by the following equation subject to an error of several
percent:

° = - 5 . 5 + 3.74n,

= - 9 . 0 + 9.75«.

(27)

(28)

The existence of these simple relations made it possible to
estimate the corresponding parameters of fusion for polylactones
which have not yet been investigated (Table 2).

Comparison of the melting points of polylactones and the
corresponding lactones showed n that T ^ for the polymers is
higher than for the monomers. The maximum difference between
the T^ is 126 ° for poly-p-propiolactone and p-propiolactone.
With increase in the ring size in lactones, A 7 ^ gradually decreases
to 62 ° for polypentadecanolactone and pentadecanolactone. The
enthalpies of fusion of polylactones are also higher than for the
lactones, usually by a factor of 1.2-1.5, while in the case of the
polymers obtained from macrocyclic monomers (n > 10) the
increase is severalfold. It is of interest that the entropies of fusion
of (4-6)-membered lactones are equal to or somewhat greater
than the AfusS" for the corresponding polylactones; AfUS5° for
( 7 - 16)-membered monomers is smaller than for the correspond-
ing polymers — several times smaller for lactones with n > 12.

2. Parameters of vitrification and of the vitreous state
The dependence of 7"g for polylactones on the number of atomic
groups in the monomer repeat unit82 has a form similar to the
dependence of 7^, presented in Fig. 7. In the series from four-
membered to seven-membered polylactones, 7£ decreases from
318 to 209 K and then increases comparatively slowly to 251 K
for polypentadecanolactone. The influence of substitution by
methyl groups on T£ for poly-e-caprolactone has been discov-
ered.93 T° = 213 K for poly-E-caprolactone, 233 K for poly-e-
methyl-e-caprolactone, and 220 K for poly-y-methyl-e-caprolac-
tone and poly-a,E-dimethyl-e-caprolactone. Koleske and
Lundberg 90 compared the glass transition temperatures of poly-
lactones obtained by the polymerisation of (4-16)-membered
lactones. It was found that the difference between the glass
transition temperatures of the corresponding polymers and
monomers is AT° = 70 ± 3 K. P-Propiolactone and poly-P-pro-
piolactone and also e-caprolactone and poly-e-caprolactone, for
which the corresponding differences are 103 and 33 K, are
exceptions in the above series.

The ACp(Tg) data obtained for polylactones conform to the
familiar Wunderlich rule98 that the heat capacity increases on
devitrification of amorphous polymers by l l . 5 i l . 7 J K ~ 1 per
moleofbeads: for polylactones, the increment is 12.5i2.5 J K - 1

per mole of beads. The values of Hg(T)-H^(0) and S°(0)
(Table 3) increase linearly with increase in n, the deviations from
the corresponding straight line not exceeding 10%. The accuracy
of the calculation of the above quantities is the same.

3. Thermodynamic functions
The dependences of Cp°, H°(T)-H°(0), S°(T), and G"(T)-H°(O)
on n for polylactones at a specified temperature and the standard
pressure are straight lines, provided that all the polylactones are in
the same physical state.13'82 For example, at T = 298.15 K and

p = 101.325 kPa, the thermodynamic functions for crystalline
polylactones are described (subject to an error within the limits
of 1 %) by the linear equations

(29)

(30)

(31)

(32)

C° = - 2 . 2 + 23.42/J,

H°(T)-H°(0) = 0.46 + 3.732/1,

S°(T) = 7.85 + 24.46/1,

-[G°(T)-H°(0)] = 1.87 + 3.559«.

The dependences of the heat capacities of polylactones on n at
different temperatures are presented in Fig. 8. The linear relations
between the thermodynamic functions and n are undoubtedly
associated with the additivity of the corresponding contributions
of the methylene groups to particular properties of polylactones.
The existence of these relations makes it possible to estimate
reliably the thermodynamic functions of polylactones in the series
from four-membered to 20-membered polylactones which have
not yet been studied experimentally (Table 4).

Figure 8. Heat capacity isotherms for polylactones as a function of the
number of atoms and atomic groups in the monomer repeat unit of the
polymer.82

r/K: (7) 20; (2) 50; (5) 100; (4) 200; (5) 300.

4. Thermochemical characteristics
Using the data in Table 5, Kiparisova and Lebedev " fitted by the
method of least squares the linear dependences of the thermo-
chemical characteristics of polylactones on the number of carbon
atoms («' = 3,4,6,11,13, and 15) in the monomer repeat units of
the macromolecules for T = 298.15 K and the standard pressure.

The following relations were found for the enthalpies of
combustion and formation of polylactones in the crystalline and
vitreous or highly elastic states per mole of the repeat units:

A4#°(cr) = -598.2 + 650.0/J ' , (33)

(34)

(35)

(36)

(g) = -591.8 + 652.8n',

Afff°(cr) = - 316.8 -29.0/z',

Af#°(g) = -318.4-25.7«' .

The deviations of the experimental values of Ac/f°(cr) and
Aci/°(g) from the corresponding straight lines [Eqns (33) and
(34)] do not exceed 0.2%, while the deviations of the Afi/°(cr) and
Af/7°(g) do not exceed 2%.

The following relations were established for the entropies of
formation:

AfS°(cr)= -4 .7-111.6« ' , (37)
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ApS°(g) 5.7-103.0»'. (38)

The deviations of the experimental points from the calculated
ApS°(cr) and Ar5°(g) are within the limits of 10%.

The equations found for the Gibbs free energies are as follows:

AK?°(cr) = -315.9 + 4.3w', (39)

AfG°(g) = -316.6 + 5.0/t'. (40)

The deviations of the experimental data from the calculated values
of AfGo(cr) and AfG°(g) are within the limits of 15%. It has been
suggested" that the above equations will prove useful for the
estimation of the corresponding thermochemical characteristics of
the hitherto uninvestigated polylactones of the series considered.
The chemical characteristics found for such polylactones by Eqns
(33)-(40) will apparently be subject to approximately the same
error as the values found experimentally.

In conclusion, we may note that poly-P-methyl-fJ-propiolac-
tone and poly-y-butyrolactone are structural isomers (according
to the data of Holmers,8 poly-P-methyl-P-propiolactone is an
isotactic polymer). Their thermochemical characteristics are fairly
close (Table 5) and their enthalpies of combustion and formation
in the crystalline state are simply identical. In this connection, the
obvious conclusion arises that the AcH° and Afff° can also be
estimated for other methylsubstituted crystalline polylactones —
structural isomers of the polymers investigated.

5. Thennodynamic parameters of polymerisation
Figure 9 presents the Gibbs free energies of polymerisation of
lactones in the range from 0 to 400 K at p = 101.325 kPa.13-96

Evidently the values of ApoiG° for each lactone vary within a fully
defined range as a function of temperature (the sections enclosed
between curves 1 and 2). This range depends on the compositions,
structures, and physical states of the reactants. ApoiG" < 0 for
four- and ( 6 - 13)-membered lactones, while ApoiG0 for (14-18)-
membered lactones assumes both positive and negative values; for
the five-membered lactone, ApoiG° > 0. With increase in ring size,
the limits of the variation of ApoiG° increase from
— 54 68 kJ mol" 1 for P-propiolactone (n = 4) to
- 3 1 - 2 9 kJ mol" 1 for pentadecanolactone (n = 16). All the
lactones can be arranged in a series in terms of the values of
ApoiG" for liquid monomer -»liquid polymer processes: P-pro-
piolactones > undecanolactone > decanolactone > dodeca-
ctone > nonadecanolactone > nonanolactone > r|-caprylo-
lactone > tridecanolactone > e-caprolactone > cp-oenantholac-
tone > pentadecanolactone > 8-valerolactone > lactones with
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Figure 10. The enthalpies of polymerisation of lactones in the range
0-400 K.1396

Process: (/) M(l)->P(cr) at 300 K; (2) M(cr)->P(cr) at OK;
(3) M0) -» P(l) at 370 K; {4) M(cr) - P(g) at 0 K.

n > 20 > y-butyrolactone. The sequence thus obtained represents
the thennodynamic series for the polymerisabilities of the
lactones.

For the same lactone, the Apoi/f° for the polymerisation
reactions with reactants in different physical states can be
arranged in the following sequence: M(l) -• P(cr) >
> M(cr) ->.P(cr) > M(l) -»P(l) > M(cr) -• P(g), where M is the
monomer and P the polymer.The consecutive arrangement of
curves 1-4 corresponds to this series in Fig. 10. The Apoii?°(l;l)
increase in the direction from the four-membered to the five-
membered lactone, after which they diminish towards the
12-membered lactone, and then again increase. This type of
variation of Apoi/?° on passing from the four-membered to the
16-membered lactone is caused by the variation of the ring strain
energy E. The ring strain energy is evolved on polymerisation of
lactones with ring opening, making the main contribution to
Apoi#°(l;l)- For example Apoi#0(l;l) = - 6 kJ mol"1 for trideca-
nolactone, while E = 8 kJ mol"1 .

As the temperature varies from 0 to 400 K, the entropies of
polymerisation of lactones assume both positive and negative
values (Fig. 11). As was to be expected, Apoi5° has minimum

Apo,S° ft mol-1 K-1

100

Figure 9. The Gibbs free energies of polymerisation of lactones in the
range0-400 K.139«
Process: (I) M(cr) - P(cr) at 200 K; (2) M(cr) - P(g) at 0 K.

- 5 0

-100

Figure 11. The entropies of polymerisation of lactones in the range
0-400 K.13'96

Process: (/) M(l)-*P(cr) at 330 K; (2) M(l)-P(l) at 370 K;
(5) M(cr) -> P(g) at 200 K.
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values for the M(l) -* P(cr) processes and maximum values for the
M(cr) -> P(g) processes. For the M(l) - • P(cr) process, the entropy
of polymerisation varies from — 76 for the four-membered ring to
—116 J mol~' K~ ' for the 16-membered ring, while for the
process M(cr) -> P(g) the variation is from 14 to
108 J m o l " 1 K~ ' respectively. The increase in ApoiS° for the
process M(cr) - • P(g) is due to the contribution from the zero-
point entropy of the polymer 5g(0), which increases with n. The
gradual expansion of the range of variation of ApoiS" on passing
from the four-membered to the 16-membered ring is associated
with the influence of the entropies of the phase transitions of the
reactants. The variation of ApoiS° for the processes M(l) -»P(l) is
interesting (Fig. 11, curve 2). With increase in n, the quantity
ApoiS°(l;l) initially increases from 53 J mol~' K.-1 for p-propio-
lactone to 2 6 J m o l ~ 1 K ~ 1 for tridecanolactone and then
decreases. If curve 2 is imagined to be prolonged into the range
of values n > 16, then ApoiS°(l;l) = 0 at n « 22-25. This means
that rings of this size and larger ones as well as the corresponding
repeat units in the polyester macromolecules are entropically
indistinguishable. Since rings of this size are of course
unstrained, it follows naturally that ApoiG° = 0 for such struc-
tures.

None of the lactones examined in this review has a lower
limiting polymerisation temperature. A series of processes have an
upper limiting temperature T^.a. The numerical values of T^ are
determined by the ratio of a Apo\H° and ApoiS" at 7/£fl. Thus
Taa\ = 1450 K for p-propiolactone, which is due to the high value
of Apo\H°(l;l) = — 74 kJ mol"1 and the relatively low value of
APoiS° = —51 J mol"1 K"1 . On passing to 8-valerolactone,
Apo\H ° diminishes sharply and there is only a slight decrease in
ApoiS". Both these factors lead to 7 ^ = 760 K for 8-valerolac-
tone. Lactones in which the number of ring members is between 9
and 16 have neither a lower nor an upper limiting temperature
because Apo\H°(\;l) < 0, and Apoi5° > 0 for these substances.
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Michael synthesis of esters of P-amino acids: Stereochemical aspects

N N Romanova, A G Gravis, Yu. G. Bundel'
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Abstract. Published data dealing with the synthesis of esters of
P-amino acids by nucleophilic addition of amines and metal
amides to esters of cx,P-unsaturated carboxylic acids are consid-
ered. Information on the influence of various factors on the
chemical yield and diastereoselectivity of the Michael reaction is
discussed systematically. The bibliography includes 70 references.

I. Introduction
During recent years, extensive studies on the synthesis and
stereochemistry of P-lactams, which are fragments of numerous
natural biomolecules, have been carried out. Since the biological
activity of p-lactams is associated with only one of all possible
diastereomers,1-2 the attention of researchers is focused on the
problem of asymmetric synthesis of homochiral P-lactams.3"5

Chiral P-amino acids 6 or their esters, which are difficult to obtain,
are precursors of these compounds.

The simplest method for the synthesis of p-amino esters is the
conjugate addition of primary or secondary amines (reaction 1) or
the corresponding metal amides (reaction 2) to esters of a,P-
unsaturated carboxylic acids.

R4 R5

OR3 + R4R5NH
N ' O

R1
(1)

OR3

R2

R1

R2

"OR3

R 4 - N

R 1 /JL
R2'

+ R4RSNM

OM

OR3

(2)

"NT O

OR3I
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These reactions (if R1 and/or R2 # H) result in the formation of a
chiral centre at the Cp (and/or Ca) atom and, in some cases, if
certain conditions are satisfied, asymmetric synthesis of esters of
P-amino acids becomes possible.

II. Nucleophilic addition of amines to esters of
ot,P-unsaturated acids
The conditions of the syntheses of p-amino esters from primary
amines and oc,P-unsaturated carboxylates are presented in Table 1.
Polar solvents such as alcohols or carboxylic acids are usually
employed as the reaction medium. Aprotic solvents, in particular
THF, are also used; in some cases, the addition occurs only in a
polar medium.7

Primary amines do not react with esters of a,p-unsaturated
carboxylic acids under ordinary conditions, except for some
individual cases (Table 1, entries 1, 2, 6, and 41); therefore, to
prepare P-amino esters, the process of addition must be acti-
vated.17

Thermal activation of this reaction leads to satisfactory
results; primary amines react most readily with methyl hydrox-
ybenzylacrylate (yields 92% - 9 5 % , see entries 3 and 4 in Table 1).
With crotonates (entries 12-15,17, and 18) and cinnamates
(entries 38 and 39), the yields of P-amino esters are as low as
14%-47%. It can be seen that an increase in the size of the
substituent at the p-carbon atom decreases the chemical yields of
the resulting p-amino esters from 26%-47% to 14%-16%.
Similar results were also obtained for the addition of (5)-a-
phenylethylhydroxylamine to methyl esters of a,p-unsaturated
carboxylic acids.18

R C H = CHCOOMe + (5)-PhCH(Me)NHOH
K2CO3,

R J
o
:

O

o

O

The yields of isoxazolidinones, which are formed in this reaction
and can be readily reduced to P-amino acids, decrease from 91 %
(in the case of 4-methylpentenoic acid) to 54% (in the case of
cinnamic acid).

The Michael reaction can also be activated by high pressure.19

This can be illustrated by the addition of benzylamine and
ot-methylbenzylamine to substituted menthyl crotonates (cf.



Table 1. Conditions of reactions of primary amines with esters of a,(5-unsaturated carboxylic acids.

= C(R2)COOR3 + R4NH2 —*- R'CH(NHR4)CH(R2)COOR3

1

No

1

2

3

4

5

6

R1 R3 R4 t/h r/°C Solvent P/atm Catalyst Yield (%) d.e.'(%) Ref.

H

H

H

H

H

H

H

CH(OH)Me

CH(Me)OSiMe2Bu'

CH(OH)Ph

CH(OH)Ph

CH(OH)Me

CH(OH)Ph

Me

Me

Me

Me

Me

Me

H Me

8
9

10

H
H
H

Me
Me

Me

Me
Me

Me

CHzPh

CH2Ph

CH2Ph

CHaPh

CHJh

CHzPh

48

48
2

40

40

46

20

25

70

67

67

0

MeOH

MeOH

MeOH

THF

THF

MeOH

1

1

1

1

1
1

Bu'

Bu'
Bu«

24

24

24

118

30

30

30

AcOH

MeCN

MeCN

MeCN

1

1

1

3000

None

Yb(OTf)3
None

99

90

0

4

11

64

90
95

92

77

98

91
54

57
49

61

8
8

8

8

8

10

10

10

11

12

H

Me

13
14

15

16

17

18
19

20

21

22

23

24

25

26

Me
Me
Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

H

H

H

H

H

H

H

H

H

H

H

H

H

H
H

Me

Me

Me

Et

Me

Me

/-Menthylb

/-Menthylb

/-Menthylb

/-Menthylb

8-Ph-/-menthylc

,8-Ph-/-menthylc

8-Ph-/-menthylc

8-/>-ButC6H4-/-menthyld

8-^PhOC6H4-/-menthyl'

8-Naphth-/-menthylf

Bu'

(£)-CH(Me)Ph

(5)-CH(Me)Ph

(S)-CH(Me)Ph

(*)-CH(Me)Ph

CH(Me)Ph

CH2Ph

(.R)-CH(Me)Ph

(S)-CH(Me)Ph

CH2Ph

(*)-CH(Me)Ph

(5)-CH(Me)Ph

CH2Ph

CH2Ph

CH2Ph

24

12

12

6

4

120

12

12

12

72

24

24

96

24

24

24

30

78

78

78

78

20

78

78

78

20

50

50

50

25

25

25

MeCN

EtOH

EtOH

EtOH

EtOH

CH2C12

EtOH

EtOH

EtOH

MeOH

CH2C12

CH2C12

MeOH

MeOH

MeOH

MeOH

3000

1

Yb(OTQ3

None

13817

4935

13817

13817

14804

14804

14804

14804

47

40

47

28

35

60

26

28

25

35

60

60

90

65

90

50

7

13

<4

5

2

5

15

10

50

60

60

75

95

>99

10

11

11

12

13

14

11

11

11

14

14

14

14

14

14

14



Table 1 (continued).

No R1 R2 R3 «/h r/°C Solvent P/atm Catalyst Yield (%) d.e.»(%) Ref.

27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

Me
Me
Me
Me

Me

Me

Me

Me

Me

Me

Me

Ph

Ph

CH2CH(OMe)2

H
H

H

H

H

H

H

H

H

H

H

H

H

H

H

Et
Et

Et

Et

Et

Et

Et

Et

Et

Et

Et

Et

Et

8-Ph-/-Menthylc

Me

CHJh
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CHiPh
CH(Me)Ph
CH2Ph
CH2Ph

(/{)-CH(Me)Ph

(S)-CH(Me)Ph

CH2Ph

CH2Ph

6
6

25

6

6

6

4.5

17

12

15
24

12

12

24

50

20
20

20

20

20

20
20

20

20

20

30

78

78

20

- 5 0

CH2C12

CH2C12

CH2C12

THF

EtOH

MePh

CH2C12

THF

THF

CH2C12

MeCN

EtOH

EtOH

MeOH

None

•

La(OTf)3

Sm(OTf)3

Yb(OT£)3

Yb(OT03

Yb(OTf)3
I Yb(OTf)3

TiCL,
I YbClj

[ Yb(OTf)3

I YMOTffc
Yb(OT03

1 None

I "

12830 "

;I "

95
95

92

97

95

92

28

28
26

42

100

16

14

85

85

—
-

-
-

-

-
-

—

32

-

-

17

19

60

100

15
15

15

15

15

15

15

15

15

10

10

11

11

14

16

* In Tables 1 - 4, d.e. stands for diastereomeric excess;
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entries 17-19 and 20-26 in Table 1). The chemical yields vary
between 50% and 90% and depend on the nature of the
substituent in the substrate.

The use of titanium tetrachloride (Table 1, entry 33) or of
ytterbium chloride (entry 34) as catalysts of the conjugate addition
does not favour an increase in the yield of P-amino esters (yield
~28%); in addition, the amide of the initial a,p-unsaturated
carboxylic acid is formed in these reactions as a side product in
approximately the same yield (26%).

When various 2-chloro-2-cyclopropylideneacetates react with
(45,5/J)-4,5-diphenyloxazolidin-2-one in THF in the presence of
10 mol.% of sodium hydride and a small amount of DB-18-C-6
crown ether, the corresponding 1,4-addition products are formed
in chemical yields of 57% -88%.2 0

Recently it has been shown15 that highly oxophilic lanthanide
triflates, which are currently widely used in organic catalysis,21

accelerate the Michael reaction, in particular the addition of
benzylamine to ethyl crotonate (Table 1, entries 27-32). The
yields of the target products in these reactions are 92% -97%, and
no side products are formed. In the presence of ytterbium triflate,
pyrrolidine easily adds to ethyl crotonate giving the corresponding
product in 95% yield; however, a-phenylethylamine, which is
sterically more hindered, does not react so readily: the yield of the
corresponding product is only 26% (see Table 1, entry 35).

H
O

Yb(OTf)3
• -

THF, 20 °C
(95%)

The catalytic addition of amines to esters of <x,P-unsaturated acids
occurs at room temperature over a period of several hours. Both
polar (ethanol) and non-polar (toluene) solvents have been used as
the reaction media. The best results were achieved with THF as the
solvent and ytterbium triflate as the catalyst. Variation of the
polarity of the reaction medium or the use of triflates of other
lanthanides do not lead to any substantial changes in the yield of
the reaction product (Table 1, entries 30-32,27-29).

More recent studies10>22>23 have confirmed that lanthanide
triflates are preferred as catalysts in the Michael conjugate
addition over other Lewis acids, since the latter are more prone
to form complexes with amines thus decreasing their reactivity.
The use of acetonitrile as the solvent increases the chemical yield
of P-amino esters to 100% (Table 1, entries 36 and 37). In the case
of sterically more hindered /erf-butylamine, a considerable
increase in the chemical yield can be achieved by using a
combination of activating factors, such as high pressure and a
catalyst (ytterbium triflate). Under these conditions, even secon-
dary amines (for example, diisopropylamine and diisobutylamine)
enter into the reaction with esters of a,p-unsaturated carboxylic
acids. The main contribution to the increase in the chemical yields
of the reaction products is made by pressure (Table 1, entries
8-11).

The addition of primary amines and cyclic secondary amines
to esters of ot,P-unsaturated carboxylic acids also led to satisfac-
tory yields of products (39%-72%), when baker yeast was used
as the catalyst.24

Acyclic secondary amines do not usually react with esters of
a,p-unsaturated carboxylic acids,14-15 whereas cyclic secondary
amines, for example, piperidine- •5-22-23-25 react to give products in
very high chemical yields (up to 100%). For example, 2,7-dihydro-
li/-dmaphtho[2,l-c : l',2'-e]azepine 2 adds to methyl crotonate
to afford the corresponding product in 68% yield.26

The reaction is carried out with excess methyl crotonate, with
boiling, and without a solvent.

Analysis of the data presented in Table 1 indicates that when
sterically less hindered reactants are used and when the optimal
reaction conditions (solvent, temperature, pressure, and catalyst)
are chosen, esters of p-amino acids can be synthesised in high
yields.

HI. Nudeophilic addition of metal amides to esters
of a,P-unsaturated carboxylic acids
In recent years, metal amides, which have found wide application
in asymmetric synthesis, have been used with increasing frequency
for the nudeophilic addition to esters of <x,|3-unsaturated car-
boxylic acids.27

Primary and some secondary lithium amides react with esters
of oc,P-unsaturated carboxylic acids as strong bases. Therefore,
apart from the target esters of P-amino acids 3, which are formed
in relatively low yields, these reactions afford the corresponding
amides 4 or esters of p,y-unsaturated carboxylic acids 5 (Table 2),
these compounds being the main reaction products. In some cases,
P-aminoamides have also been detected among the products.34

O
(PhCH2)2NLi

(PhCH2)2N O

OMe

(54%)
N(CH2Ph)2

Side products 5 are also formed when sterically hindered
secondary lithium amides react with esters of a,f3-unsaturated
carboxylic acids (Table 2, entries 9 and 10). For example, the
formation of esters 5 in this reaction has been explained33 by the
fact that in the six-membered transition state, the amide attacks

Table 2. Products of the interaction of lithium amides with esters of
a,p-unsaturated carboxylic acids.

No

1
2
3
4
5
6
7
8

R1

R1

H
H
H
H
H
H
Br
Ph

CH2CH = CHCOOR2 + R3R4NLi —

— » . R'CH2CH(NR3R4)CH2COOR2 +

R2

Me
Me
Me
Et
Me
Et
Me

i(Z)a Me

0CH2CH

R3

= CHCONR3R4 + R"CH = CHCH2COOR2

4

R4

(J?)-CH(Me)Ph H
C H J h
Pr1

Pr1

SiMe3

Pr*
Pr*
C H J h

H
Pr*
Pr1

SiMe3

Pr1

Pr1

SiMe3

Yield (%)
3 4

28 35
20 60
44 -
— —
— —
— —
— —
_ —

5

5

—
—
14
92
9
23
<5
95

Ref.

13
28
28
29
28
30
31
32

9 Ph(£)a Bu« (.R)-CH(Me)Ph CH2Ph 69 - 20 33
10 Ph(Z)> Bu' («)-CH(Me)Ph CH2Ph - - 92 33

"The configuration of the initial ester is given in parentheses.
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the protons of the methylene group, located in the y-position with
respect to the carbonyl group in the substrate, and thus induces
the rearrangement of the double bond to the p,y-position. This
process is markedly facilitated if the initial ester has the cis-
configuration.

The nucleophilic properties of secondary lithium amides,
which are more bulky, dominate over their basic properties.
Therefore, they preferentially add to the p-position with respect
to the carbonyl group, which results in the formation of P-amino
esters as the main (and practically the only) reaction products
(Table 3). The reaction is usually carried out at a low temperature
for 15 - 30 min. Varying the temperature conditions (from — 78 to
+ 20 °C) exerts no substantial influence on the chemical yield of
P-amino esters.13-29-45 The best results have been achieved by
using a 1.5-fold excess of the amide.44 Lithium benzyl(ot-phenyl-
ethyl)amide 7 is used most often in these conjugate addition
reactions.

Good results have also been obtained when the lithium
derivative of the above-mentioned dihydro-4/f-dinaphthoaze-
pine and lithium benzyl(trimethylsilyl)amide have been used as
nucleophiles (chemical yields of up to 88% and of 77%-99%,
respectively). When symmetrical lithium bis(a-phenylethyl)amide
is used, the yield of the corresponding p-amino esters decreases to
23% due to the steric hindrance arising in the amide itself during
the nucleophilic attack.48 The introduction of substituents in one
of the benzene rings in lithium benzyl(a-phenylethyl)amide exerts
no influence on the final result of the reaction (Table 3, entries
60-62).

The introduction of a methyl group in the a-position with
respect to the carbonyl group of the ester also decreases the yields
of the corresponding p-amino esters from 77%-92% to 2 1 % -
61 % (cf. entries 1,2 and 7,8 as well as entries 17,18 and 21,22, etc.
in Table 3). The nature of the radical located in the p-position with
respect to the carboxyl group of the substrate and the nature of the
ester group exert as a rule no substantial influence on the chemical
yield in the nucleophilic addition of metal amides to the double
bond. The yield of p-amino ester increases somewhat if the initial
ester contains a silyl group46-49 (Table 3, entries 51-53 and 54).

The conjugate addition of lithium amides occurs more
successfully with the /ranj-isomers of a,(3-unsaturated esters. In
those cases where the corresponding cw-isomers are used, the
chemical yield decreases from 80% to 39% (see Table 3, entries 42
and 43). However the cis-configuration of cyclic esters does not
influence the yield of the final P-amino ester (Table 3, entries 14,
15, and 26, 30-32).

The solvent exerts substantial influence on the addition. The
reaction is usually carried out in polar aprotic solvents such as
THF or 1,2-dimethoxyethane (DME). Less polar solvents, for
example, toluene or its mixtures with THF, are also used some-
times. The addition of an excess of a crown ether (12-crown-4)
increases the chemical yield of P-amino esters by a factor of 1.5—2
(cf. entries 36 and 41 as well as 47 and 48 in Table 3), whereas the
addition of polar solvents (in particular, HMPTA) considerably
decreases the yield (from 44% to 18% -28%) (Table 3, entries 36,
38, and 39).44150 Since the basic properties of amides are enhanced
in a polar medium, the interaction of ethyl crotonate with lithium
diisopropylamide in THF containing some HMPTA affords the
isomeric P,y-unsaturated ester 5 as the only product (see Table 2,
entry 4), whereas in the absence of HMPTA, the reaction occurs as
a 1,4-addition in nearly quantitative yield (90%).29

Various protonating agents have been used to decompose the
P-aminoenolates A formed upon 1,4-addition (see reaction 2); a
saturated aqueous solution of ammonium chloride, alcohols, or a
buffer solution with pH 7 are employed most frequently. The best
result has been achieved by using sterically hindered 2,6-di-tert-
butylphenol. The use of acetic acid as the protonating agent leads
to a decrease in the chemical yield of P-amino ester from 40% to
21 % (cf. entries 6 and 8 in Table 3), and when aqueous acetic acid
is used, the final product may polymerise.51

If an alkyl halide is added to the reaction mixture instead of a
protonating agent, the p-aminoenolate A is alkylated at the
ot-carbon atom (the so-called tandem reaction) resulting in the
formation of a-alkyl-P-amino ester 8 (Table 4). An increase in the
size of the radical R5 in the alkylating agent usually deteriorates
the chemical yield of the product 8 (see entries 10 and 11; 12 and
13; and 15 and 16 in Table 4). The nature of the substituents in the
amide and in the ester is not crucial for the occurrence of the
tandem reaction.

When (+)-(camphorsulfonyl)oxaziridine 9

is used as a hydroxylating agent, a-hydroxy-p-amino esters 10 can
be prepared (Table 5). If a phenyl substituent occurs in the
P-position with respect to the carbonyl group, the yield of the
final product is higher than those obtained with compounds
containing aliphatic substituents (entries 2, 3, and 5-8 in
Table 5). However, replacement of the phenyl group by a benzyl
group leads to a sharp decrease in the product yields (entries 2 and
9; 3 and 10). It is of interest that when lithium (S)-ben-
zyl(a-phenylethyl)amide is used, the yield of the product 10 is
higher than with the (/{)-isomer (Table 5, entries 7-10). The
nature of the alkyl radical in the ester group exerts an ambiguous
influence on the yield of the a-hydroxy-P-amino esters.

The conjugate addition of amides of other metals to esters of
a,P-unsaturated carboxylic acids has not been studied in detail. It
has been found that titanium amides like Ti(NR2)4, ClTi(NR2)3,
and Cl2Ti(NR2)2 (R = Me, Et) add to acrylates, crotonates, and
cinnamates to give the corresponding P-amino esters in good
chemical yields (34% - 97%); however, amides of P,y-unsaturated
acids (21%-39%) are often formed as side products. The
formation of the latter can be completely eliminated by using
esters with bulky ester groups.59

Lithium amidocuprates (R2N)2CuLi add to esters of a,P-
unsaturated carboxylic acids yielding P-amino esters as the main
reaction products,33-60-61 although in this case, too, small
amounts of p,y-unsaturated carboxamides are formed.33

Magnesium benzyl(a-phenylethyl)amide has been used suc-
cessfully in the conjugate addition to tert-butyl cinnamate,62 as
well as in an addition reaction followed by a-alkylation.

h/XA

NH4CI

OBu< +

Ph

MgBr

Ph

(90%,d.e.>95%)

Mel Ph

Ph

(73%, d.e. = 90%)

The chemical yields of products in the latter reactions are
comparable with the yields of the same products in the similar
reactions involving the corresponding lithium amides (Table 3,
entry 18; Table 4, entry 15).
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Table 3. Conditions of the reactions of secondary lithium amides with esters of a,f)-unsaturated carboxylic adds.

ISNA.
R»CH = C(R2)COOR3 + R«R5NLi —

No R " R2

A. Lithium (i?)-benzyl(ot-phenylethyl)amide

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Et
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph

p_C6H4CH2OPh
C7H15

- ( C H 2 ) 4 -

H
H
H
H
H
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
H
H
H
Me
Me
Me
Me
CH2Ph
H
H

B. Lithium (S)-benzyl(a-phenylethyl)amide

27
28
29
30
31
32

CH = CHPh
CH = CHPh
CH = CHPh

- ( C H 2 ) 3 -
- ( C H 2 ) 3 -
- ( C H 2 ) 4 -

H
H
H

C. Lithium derivative of CR,S)-azepine 2

33
34
35
36
37
38
39
40
41
42
43

Me(£)
Pr"(£)
Bu'CE)
C7H15
C7H15
C7H15
C7H15

C7H15

C7H15

C7H,5(£)
C7H15(Z)

H
H
H
H
H
H
H
H
H
H
H

R3

Me
Me
Bu'
Bu'
CH2Ph
Me
Me
Me
CH2Ph
Bu'
Bu'
Bu'
Bu'
Bu'
Bu'
Me
Bu'
Bu'
Me
Me
Bu'
Bu'
Bu'
Me
Bu'
Bu'

Me
Prj

Bu'
Bu'
Bu'
Bu'

Bu'
Bu'
Bu'
Me
Me
Me
Me
Me
Me
Bu'
Bu'

j — - R*R5NCH(R')CH(R2)COOR3

N s ! ^ O R 3 6

R2

Solvent

THF
THF
THF
THF
THF
THF
THF
THF
THF
THF
MePh
MePh
MePh/THF
MePh/THF
MePh/THF
THF
THF
THF
THF
THF
MePh/THF
MePh/THF
MePh/THF
THF
THF
THF

THF
THF
THF
THF
THF
THF

DME
DME
DME
THF
DME
THF/HMPA=4:1
THF/HMPA(20eq.)
MePh
THF/12-C-4(4eq.)
DME
DME

Protonating
agent

NH4CI
NH4CI
NH4CI
NH4CI
NH4CI
AcOH
p H 7
2,6-(Bu')2C6H3OH
p H 7
p H 7
Bu*OH
p H 7
p H 7
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH

NH4a
2,6-(But)2C6H3OH

NH4a
p H 7
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH

NH4a
NH4a
2,6-(Bu')2C6H3OH

NH4C1
NH 4O
NH 4Q
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH
2,6-(Bu')2C6H3OH

NH4C1
NH4C1
NH4C1

NH4a
NH4CI
NH4CI

NH4a
NH4a
NH4a
NH4C1
NH 4 Q

Yield
of6(%)

75
85
75
82
88
21
23
40
11
43
78
70
75
72
65
77
92
87
38
37
61
61
45
78
91
70

81
83
98
85
65
70

83
69
74
44
32
18
28
6
60
80
39

d.e. (%)

>95
95

>95
>99

95
71
82
82

>82
88
20
60
90

>99
>99
>95

95
95
87
93

>99
99

>98
>99
>95
>95

100
100
100
71

>98
>95

97
94
97
90
91
50
84
50
95
96
78

Ref.

35
13
35
13
13,36
37
37
37
37
37
37
37
37
37
37,38
35
39
35
37
37
37
39
39
13
40
41

42
42
42
41
43
41,43

44
44
44
44
44
44
44
44
44
44
44

D. Lithium derivative of (S>azepine 2

44 Me Me Bu' DME NH4CI 63

E. Lithium derivative of (U)-azepine 2

>95 45

45
46
47
48
49

C7H15

C7H15
C7H15

C7H I5

C7H15

H
H
H
H
H

Pr1

Pr*
Bu'
Bu'
Bu'

DME
THF/12-C-4(8eq.)
THF/12-C-4(4eq.)
THF/12-C-4(leq.)
DME

NH4CI
NH4CI
NH4CI
NH4CI
NH4C1

63
65
88
43
80

93
89
94
88

>97

44
44
44
44
44
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Table 3 (continued).

No R l a R2 R3 Solvent Protonating
agent

Yield
of6(%)

d.e. (%)

1089

Ref.

F. Lithium benzyl(trimethylsilyl)amide

50
51
52
53
54
55

Me
CH(Me)OSiMe2Bu'
CH(Me)OSiPh2Bu'
CH(Me)OSiPrj
(S)-CH(Me)OCPh3

C7H15

H
H
H
H
H
H

Me
Bu'
Bu'
Bu'
Bu'
Me

THF
THF
THF
THF
THF
THF

G. Lithium (i?)-(a-phenylethyl)(trimethylsilyl)amide

56 -Q H Et
H. Lithium (i?,/?)-bis(a-phenylethyl)amide

THF

57
58
59

Me
Me
Me

H
H
H

Me
CH2Ph
Bu'

I. Lithium (/?)-(3,4-dimethoxybenzyl)(a-phenylethyl)amide

60
61
62

Me
Me
Me

H
H
H

J. Lithium (5)-alryl(a-phenylethyl)amide

63
64
65
66
67

Me
Et
Pr*
Ph

H
H
H
H

CH = CHMe(£) H

Me
CH2Ph
Bu'

Bu'
Bu'
Bu'
Bu'
Bu'

THF
THF
THF

THF
THF
THF

THF
THF
THF
THF
THF

* Configuration of the initial ester is given in parentheses.

AcOHfTHF
MeOH
MeOH
MeOH
MeOH
MeOH

88
91
99
95
77
86

—
8

78
80

100

28
46
46
46
46
32

NH4C1 64 >99 47

NH4C1
NH4C1
NH4C1

NH4C1
NH4C1
NH4C1

NH4C1
NH4C1
NH4C1
NH4C1
NH4C1

57
23
27

68
74
83

92
85
88
97
78

>99
98

>99

95
96

>99

>99
>99
>99
>99
>98

13
13
13

13
13
13

36
36
36
36
36

Table 4. Addition of lithium amides to esters of a,(5-unsaturated carboxylic acids with simultaneous a-alkylation.

R1CH = CHCOOR2

1. R3R4NLi
2. R5Hal

R3R4NCH(R>)CH(R5)COOR2

8

Number R1 '
of reaction

R2 R4 R5 Yield
of8(%)

d.e. Ref.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Me
Me
Ph
Me(Z)a

Me(£)a

Me(Z)*
Me(£)a

Me
Me
Me
Me
Ph
Ph
Ph
Ph
Ph

Bu'
Me
Bu'
Me
Me
Me
Me
Me
Me
Bu'
Bu'
Me
Me
Me
Bu'
Bu'

(5>2

Pr1

CH2Ph
SiMe3

SiMe3

SiMe3

SiMe3

(,R)-CH(Me)Ph
(.R)-CH(Me)Ph
(.R)-CH(Me)Ph
(.R)-CH(Me)Ph
(R)-CH(Me)Ph
(/?)-CH(Me)Ph
(*)-CH(Me)Ph
(i?)-CH(Me)Ph
(/?)-CH(Me)Ph

Pr1

C H J h
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph
CH2Ph

Me
CgHn
Me
Me
Me
C8H17

C8H17

Me
CH2Ph
Me
CH2Ph
Me
CH2Ph
CH2CH = CH2

Me
CH2Ph

71
58
71
88
68
81
60
50
54
60
42
61
55
79
78
46

85
100
>90
6
38
18
80
9
50
15
0
85
50
50
15
43

45
52
35
53
53
52,53
53
35
35
35
35
35
35
35
35
35

a Configuration of the initial ester is given in parentheses.
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Table 5. Addition of lithium amides to esters of ct,p-unsaturated car-
boxylic acids with simultaneous a-hydroxylation.

R'CH = C(R2)COOR3 + (/J)-Ph(Me)CHN(CH2Ph)Li »
7

10

No

1
2
3a

4
5
6
7
8a

9
10a

11

R1

Ph
Ph
Ph
Me
Et
Me
C7H I5

C7H,5

CH2Ph
CH2Ph
Me

R2

H
H
H
H
H
H
H
H
H
H
Me

R3

Me
Bu'
Bu'
Me
Bu'
Bu«
Bu'
Bu'
Bu'
Bu'
Bu'

Yield of 10 (%)

43
86
89
55
53
36
63
85
41
63
54

a The (S)-isomer of the amine was used.

d.e. (%)

>90
92
>98
75
>90
>90
88
92
20
91
83

Ref.

54
54,55
54,56
54
54
54
40,57
40
33,58
33
54

IV. Stereochemistry of nucleophilic addition of
amines and metal amides to esters of
oc,f3-unsaturated carboxylic acids
The reactions of chiral amines, in particular, of ot-phenylethyla-
mine, with esters of a,P-unsaturated carboxylic acids are charact-
erised by relatively low stereoselectivities (d.e. = 0%-19%, d.e. is
diastereomeric excess), irrespective of the type of activation used:
high temperature, high pressure, or a catalyst. The interaction of
azepine 2 with methyl crotonate without a solvent is an exception;
in this case, diastereomeric excess is 61 "A.26

When the conjugate addition of amines to esters of ot,P-
unsaturated carboxylic acids is carried out with the catalytic
activation by lanthanide triflates, the diastereomeric excess is
only HVo-ilVo.15-22-23 However, in the case where the substrate
molecule can be fixed due to the coordination of the catalyst to the
oxygen atoms of the carbonyl groups in the substituted amide of
a,P-unsaturated acid, presented below, the steric restrictions thus
arising cause the nucleophile to attack the substrate from the side
that is sterically less hindered. Consequently, 1,4-addition occurs
stereoselectively (d.e. up 636*

a
M e — A l Me

O''\)

Nu:

Reactions of benzylamine with acrylic acid derivatives having
a chiral substituent in the a-position with respect to the carbonyl
group are fairly stereoselective: d.e. is 49% - 91 % (Table 1, entries
1 -6) . The presence of a bulky substituent in the p-position with
respect to the carbonyl group of the ester is probably the main
factor responsible for the stereospecific character of the addition
(Table 1, entry 41), although the fact that this reaction was carried
out at a negative temperature and without a solvent should
apparently also be taken into account. The presence of a bulky
ester group also increases the stereoselectivity of the reaction
(entries 21-24) and, in some cases (entries 25 and 26), it even
makes the reaction stereospecific.

However, the stereoselectivity of the conjugate 1,4-addition of
amines to esters of <x,p-unsaturated carboxylic acids is influenced

most strongly by the geometric isomerism in the initial esters. It
has been shown that, despite the fact that isomeric ethyl esters are
characterised by the same (/^-configuration at the Cy atoms, the
trans-isomer reacts with benzylamine non-stereoselectively (reac-
tion 3), whereas the reaction of the cu-isomer is highly stereose-
lective (reaction 4); the absolute configuration at the [3-carbon
atom in diastereomer C, formed as the major product, is opposite
to that in diastereomer B.15

OCH2Ph

COOEt+PhCH2NH2
Yb(OTf)3

trans

OCH2Ph

M COOEt+PhCH2NH2

Yb(OTQ3

OCH2Ph

^COOEt (3)

NHCHJh

B (37%,d.e.<5%)

OCH2Ph

^COOEt (4)

NHCHzPh

C (48%,d.e.=94%)

A similar picture has been observed when 1,4-addition has
been carried out with lithium amides: the p-amino esters formed
are characterised by the opposite configuration at the P-carbon
atom.44-52-53'65 In this case, the stereoselectivity of the process
depends to a lesser degree on the geometry of the initial ester (see
Table 3, entries 42 and 43).

It should be specially noted that the intramolecular addition
of the GD-amino-group, incorporated in the substituent at the
asymmetric Cy atom, to a double bond (reaction 5) is stereospe-
cific.66,67

(75%, d.e. = 100%)

Apparently, the high degree of diastereoselectivity observed in
reactions (4) and (5) is due to the appearance of steric restrictions
hampering the attack of the nucleophile from one of the sides of
the substrate.

Unlike amines, lithium amides react with a,P-unsaturated
esters with high degrees of diastereoselectivity (see Table 3); only
one of all the possible diastereomers is often formed. The
stereoselectivity of these reactions can be accounted for by the
fact that, due to the high ability of lithium cation to participate in
coordination, the formation of a six-membered transition state is
favourable and, consequently, the nucleophile adds predomi-
nantly from one side of the substrate.

D5

R . \ M
7?

R1 OR3

R2

Bulky chiral substituents located in the y-position with respect
to the carbonyl group of the ester also increase the stereoselectivity
of the addition. For example, it has been suggested46 that the
addition of lithium benzyl(trimethylsilyl)amide to butyl esters of
silyl-substituted acrylic acids (entries 51 -54 in Table 3) from the
sterically hindered side is impossible.

OR
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However, neither the size of the group located in the
P-position, nor the nature of the substituent in the ot-position,
nor the size of the ester group has a noticeable influence on the
stereoselectivity of the addition of lithium amides to esters of a,p-
unsaturated carboxylic acids.

In solvents such as THF and DME, which are capable of
forming chelates with the p-aminoenolate produced during the
reaction, the selectivity of conjugate addition is higher
(d.e. = 9 0 % - 91%) than that in toluene (d.e. = 50%) (Table 3,
entries 36, 37, and 40).44

Me

R5.
R*.

R1

—O O Me

Q

OR3

R2

Unlike the products of simple addition of metal amides to a
double bond, a-alkyl-P-amino esters resulting from the tandem
1,4-addition and simultaneous a-alkylation contain two asym-
metrical centres at the a- and p-carbon atoms of the ester and are
formed as mixtures of diastereomers with relatively low d.e.
values. Only in some cases has stereospecific reaction been
accomplished (Table 4, entries 2 and 3).

The reaction of lithium piperidide with terf-butyl a-naph-
thoate in the presence of methyl iodide as an alkylating agent
occurs non-stereoselectively yielding a fairly large amount (32%)
of a side product, a-naphthamide, whereas the similar reaction
involving a- and P-naphthyloxazolines is stereospecific and
affords no side products.68 It is noteworthy that lithium ben-
zyl(o-phenylethyl)amide does not react with feri-butyl a-naph-
thoate under these conditions.

High stereoselectivity in the tandem reaction can be achieved
by using magnesium benzyl(a-phenylethyl)amide as the nucleo-
phile. This leads not only to an increase in the diastereomeric
excess (from 15% to 90%) compared to that attained with the
corresponding lithium amide (see Table 4, entry 15), but also to
the change in the absolute configuration of the asymmetric centre
arising at the a-carbon atom in the ester.62

If the substituent R1 at the p-carbon atom in the initial tert-
butyl ester is an aliphatic group, the diastereomeric excesses
obtained in the reactions of these esters with (S)-(—)-2-methox-
ymethyl-1-trimethylsilylaminopyrrolidine are 63%-96%. In the
case where R1 is an aromatic substituent, the interaction is
stereospecific (d.e. > 96%).69

O

OMe
THF, - 7 8 °C

X S iMe3

OBu'

The reactions of tandem addition with simultaneous
a-hydroxylation occur with high diastereoselectivity (d.e. =
75%-99%), except for the interaction of (/J)-benzyl(a-phenyl-
ethyl)amine with terf-butyl y-phenylcrotonate (Table 5, entry 9).
Apparently, this is due to the presence of steric restrictions
hampering the interaction of the (.R)-isomer with the above
substrate.33

Thus, it follows from the analysis of the published data that
the nature of the substituent in the substrate molecule is the main
factor influencing the chemical yield in the conjugate addition of
amines to esters of a,P-unsaturated carboxylic acids, whereas the
geometry of the initial ester is the main factor determining the
stereoselectivity of the process. The diastereomeric excess
obtained in these reactions does not usually exceed 60%
(Table 1). In the case where the reactions involve lithium amides,
both the chemical yield and the stereoselectivity depend mostly on
the geometry of the ester as well as on the solvent and the character
of the protonating agent used.

In conclusion, it should be noted that at present, the addition
of metal amides to esters of ot,|3-unsaturated carboxylic acids is the
method of choice for the asymmetric synthesis of esters of P-amino
acids. The most significant progress in this field of research has
been achieved by a group of English scientists headed by S. Davies
(Oxford).13' 35-41,43,48,49,54-58,62

V. Mathematical modelling of structures of the
transition states in the Michael nucleophilic
addition
The stereochemical outcome of the conjugate addition of amines
or lithium amides to esters of a,P-unsaturated carboxylic acids can
be reliably predicted in some cases by virtue of molecular
mechanics modelling of the structure of the transition state of
the process.48-70 In the modelling, the tetrahedral angle of the
attack and the N - Cp bond length in the transition state are taken
fixed (it should be noted that variation of the angle of the attack by
a nucleophile has no substantial influence on the final stereochem-
ical outcome of the process48). It is believed that the H-N. . .Cp-
Ca torsional angle is the main factor determining the stereochem-
istry of the reaction (if lithium amide is used, the position of the
proton is occupied by the unshared electron pair at the nitrogen
atom). The depths of the minima in the plot of the transition state
energy versus the magnitude of the torsional angle are mostly
determined by the spatial arrangement of the alkyl radicals in the
nucleophile and by their structures. The natures of the substitu-
ents in the ester group and in the p-position with respect to the
carbonyl group in the substrate and their mutual arrangement are
also significant. In addition, in the reactions involving lithium
amide, the possibility of chelate formation (the lithium atom can
fix the structure of the transition state) should also be taken into
account. A lower energy of the transition state corresponding to a
particular minimum means that the probability of the formation
of this transition state is greater.

The use of the energies of the transition states corresponding
to minima in the calculation of Boltzmann distribution makes it
possible to predict with high accuracy the ratio between the
diastereomers of p-amino esters formed in the reaction; however,
this is true only for kinetically controlled processes.70 An increase
in the difference between the energies of the transition states for
the minima results in an increase in the stereoselectivity of
conjugate addition. The absolute configuration of the reaction
product depends on the structure of the most probable transition
state.

The efficiency of this method has been demonstrated in
relation to the reactions of azepine 2 and its lithium derivative
with methyl crotonate70 and the reaction of lithium benzyl(a-
phenylethyl)amide with tert-butyl cinnamate.48

Thus, despite the fact that the systems in question are very
complex and, therefore, the number of assumptions (based on
analysis of empirical features) is large, mathematical modelling of
transition states can be used to predict the stereochemical out-
come of the conjugate addition of amines or lithium amides to
esters of a,P-unsaturated carboxylic acids.

The work was supported by the Russian Foundation for Basic
Research (Project No. 96-03-32157) and the State Commission of
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